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FOREWORD 

It is a very pleasant task to write an introduction to this 
series of laboratory experiments devised by a member of 
my staff. 

The extent to which Technical Cdleges have been requested 
to aid the national effort during the past four years by 
arranging courses for those who are to enter essential indus- 
tries and those undertaking skilled occupations in the Forces 
is very gratifying to all concerned with technical education. 

The objective of some of these courses is the acquisition of 
skill in the use of certain tools, but the purpose of other courses 
is the inculcation of a knowledge of the principles underlying 
a specific trade or industry. 

It is in this latter connexion that this book has been pro- 
duced and it should contribute to the store of knowledge of 
those who have to construct, operate, and service radio 
apparatus. 

GEO. PATCHIN 

The Sir John Cass Technical Institute 
London 


August , 1044 



PREFACE 


This practical course is based on one which has been developed 
as part of a course of training given to those who have little 
or no knowledge of electricity and magnetism. It is intended 
to be used in conjunction with courses of lectures covering 
the same ground. Throughout the work, attention has been 
paid to the fundamental principles of the subject and I have 
attempted to give, in concise form, a statement of the theory 
underlying each experiment or group of experiments. It 
cannot be emphasized too often that the rule of knowledge 
should always take precedence over rule of thumb methods 
in radio work. 

Many of the experiments in this course are of an elementary 
nature, and should be well within the scope of any physics 
laboratory which has simple radio equipment. The order in 
which the experiments are made should be related to the 
order followed by the associated lecture course?. It may also 
be dependent on the apparatus which is available. I have, 
therefore, set out the course in chapters, the order of which 
follows that in which the subject is best treated, and, in each 
chapter, the experiments have l>een arranged as far as possible 
in what seems to be a suitable order from the educational 
point of view. It is not suggested, however, that all the 
experiments in the later chapters, particularly those on valve 
characteristics, should be performed consecutively. 

The difficulty of choosing valves from the very large number 
which appear in makers’ catalogues has l>een resolved, at the 
risk of criticism for not using the latest types, by selecting 
the simplest type for any experiment, bearing in mind that 
the fundamental principles can be illustrated without resorting 
to a large and confusing variety of valves. 

Limitations of space have made it impossible to include 
representative results of each experiment in a tabulated form 
and some mention should therefore l>e made of the importance 
of setting out all readings and results in a proper manner. 

In normal times a course of this nature might well extend 
over eighteen months, the first half of which would cover the 
electrical circuit theory and the simple treatment of valves, 
while the second half would deal with the radio circuit theory. 

vi 
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I am indebted to Mr. Geo. Patchin, A.R.S.M., who kindly 
consented to write the Foreword, for the suggestion that the 
course should be published and for his interest in the work. 
My best thanks are tendered to him and also to Dr. D. Owen, 
under whose direction a course of this kind was initiated. 
I would also express my appreciation of the assistance given 
bv my colleagues, Mr. G. F. Aylard, Mr. L. G. Dive, Mr. S. H. 
Filby, B.Sc., Mr. T. Hutchinson, B.Sc., Mr. H. L. Jolley, 
B.Sc*., and Mr. J. Yarwood, B.Sc., in many helpful discussions. 
Mr. C. W. Celia, M.Sc., has, from time to time, made sugges- 
tions, which have been incorporated here, for the improvement 
of the experiments and I am very grateful for his help in this 
and in other wavs. 

R. H. HUMPHRY 

London 

August, 1944 
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GENERAL RULES 

FOR THE ELECTRICAL LABORATORY 

In connecting electrical circuits and making measurements, 
the following rules will be' found useful and they are intended 
to be applied throughout this experimental course — 

Before connecting any circuit, draw the circuit diagram 
on paper. 

Include a main switch in every circuit and see ‘that it is 
open before making any connexions. 

A fuse of suitable value will protect instruments, valves, 
and other apparatus from damage by overloading. This 
applies particularly to circuits using the supply mains. 

Always check the connected circuit before switching on. 
Look for loose contacts and make sure that D.C. instruments 
are connected with correct polarity. 

* See that the instruments to be used are of suitable range 
for the particular measurement. When instruments have 
several ranges, always commence with the highest range. 

In general, set controls so as to commence with the lowest 
values of current, voltage, etc. 

Remember that a measurement with any instrument 
involves two readings — the zero reading, which may not 
be 0, and the reading when deflected. 

Express all measurements in their proper units and record 
readings and results, as far as possible, in a tabular form. 

At the conclusion of the observations, switch off and 
disconnect first at the supply terminals. 



COLOUR CODE FOR RESISTORS 


The value in ohms of resistances used in radio circuits is often 
indicated by the colour code shown below. 


Black 

Brown 

Red 

Orange 

Yellow 

Green 

Blue 

Violet 

Grey 

White 


0 . The colour of the body of the resistor gives 

1 the first figure, the colour of the tip gives the 

2 second figure, and the colour of the spot gives 

3 the number of 0’s following those two figures. 

4 If there is no spot visible, it is of tlio same 

5 colour as the body. 

G 

7 

8 
9 


Examples : 


□ 


BLUE 

6 



ORANGE 

000. *600000. 



VIOLET GREEN BLACK 

7 5 NONE = 750 

An article on colour coding as applied to resistors, condensers, 
and transformers has been published recently by Parr in the 
Jour. fid. Instr., Vol. 20, p. 121, 1943. 




AN EXPERIMENTAL COURSE 

IN THE 

FUNDAMENTAL PRINCIPLES 
OF RADIO 

CHAPTER I 

SIMPLE D.C. EXPERIMENTS 

The three principal sources of supply in a laboratory are 
the primary cell, the secondary cell or accumulator, and 
the mains, the last-named providing either direct current 
(D.C.) or alternating current (A.C.). A working knowledge 
of these sources is essential at the outset of a practical 
course. 

Experiment 1. Cells and their Electromotive Forces 

The Leclanch6 cell is a primary cell, which has two forms, 
a wet form and a so-called dry form. The construction of 
each type may be examined by cutting through old porous 
pots of the wet cell or old dry cells with a hacksaw. The wet 
cell has a zinc negative pole and a carbon positive pole im- 
mersed in a solution of sal-ammoniac. The positive pole, 
contained in a porous pot, is surrounded by the depolarizer, 
which is a mixture of manganese dioxide and carbon powder. 
The dry cell is constructed of the same materials, except that 
a paste of sal-ammoniac with zinc chloride is used in place 
of the solution. The negative pole is the zinc case. Dry cells 
are more convenient to use and, when new, have a much 
lower internal resistance. Primary cells are not used to 
supply large currents, but they are useful (as in high-tension 
or flash-lamp batteries) when small currents are required, or 
they are used for very short periods of time. 

The lead-acid accumulator is a secondary cell, which, in 
the charged condition, has positive plates of lead peroxide, 
chocolate-brown in colour, and slate-grey negative plates of 

1 
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lead. The terminals are red (+) and black or blue ( — ). The 
plates stand in dilute sulphuric acid whose specific gravity is 
from 1*270 to 1*170, depending on the st&te of the cell, the 
value b£ing highest when the cell is fully charged. 

The electromotive force (E.M.F.), E y of a^cell is expressed 
in volts and is measured practically by connecting a voltmeter 
to the terminals, the positive pole of the cell being joined to 
the + (or red) terminal of the voltmeter. The E.M.F. bf a 
wet or dry Leclanch6 cell is about 1*5 volts, while that of a 
lead accumulator is about 2 volts. 

If cells are joined in series, the total E.M.F. is the sum of 



Fig. 1. Cells: (a) In Series; (b) In Parallel 

the individual E.M.F.s. Thus, as shown in Fig. 1 (a) for two 
cells whose E.M.F.s are E x and J E 2 , the combined or overall 
E.M.F. is given by E = E t + E 2 . 

If cells of equal E.M.F. E are joined in parallel, as shown 
in Fig. 1 (6), the overall E.M.F. is E. 

These relations should be tested in the following way — 

(i) Measure with a voltmeter (0-5 volt range) the E.M.F. 
of individual cells of the above types. 

(ii) Connect some of these cells in series, say two Leclanche 
cells or a Leclanch6 cell and an accumulator, and measure 
their combined E.M.F., showing that, within the limits of 
experimental error, it is equal to E x + E 2 . 

(iii) Connect two dry cells in parallel, measure the E.M.F. 
of this arrangement and confirm the law for cells in parallel. 

Experiment 2. D.C. Mains 

These provide a supply at a much higher voltage than a 
cell, the value being usually 200, 220, or 240 volts. The 
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leads must, therefore, be insulated, must not be allowed to 
touch, and should be handled only when the switch is off. 
In order to measure the voltage, a voltmeter of range (5-300 
volts is required, and the polarity must be known if a moving- 
coil instrument is used. The polarity may be tested in two 
ways, first by using an Qsglim neon lamp, and secondly by 
pole-finding paper !! When the neon lamp is connected to 
D.C. mains, the glow appears round the negative electrode. 
In making this experiment, note that the glow is steady (as 
compared with that which is obtained with A.C. mains as 
described in Experiment 3). 

Pole-finding paper is used in the following manner. A 
piece of the paper is damped with water, and the leads from 
the mains with a lamp in seHes are held about 2 in. apart on 
it. A coloured stain appears on the paper around one of the 
leads. A statement on the packet of paper will indicate what 
is the polarity of that lead.* 

Experiment 3. A.C. Mains 

Although this chapter is concerned with D.C. experiments, 
it is wise to know something of the A.C. supply commonty 
used. The frequency of alternation in direction of current 
or voltage is usually 50 cycles per second (c/s) and a common 
voltage is 230 volts. This value is not, however, the greatest 
or peak voltage, but is the effective voltage of the supply, 
and is called the root-mean-square (R.M.S.) value. The peak 
voltage is V2 or 1-414 times the R.M.S. voltage. In the case 
of 230- volt mains, therefore, the peak voltage is 325. 

An A.C. supply may be distinguished from a D.C. supply, 
provided their voltages are in the region of the values stated, 
by connecting an Osglim neon lamp to the mains. With 
A.C., a flickering glow appears on both electrodes. The 
flicker can be observed more readily if the lamp is moved 
quickly, and is due to the glow appearing on each electrode 
alternately when the voltage reaches the striking potential 
for the gas in the lamp. As the voltage falls the glow dis- 
appears at the extinction potential. 

* Pole-finding paper may be made by soaking white blotting paper 
in a solution containing 10 gm. of potassium chloride in 100 c.c. of 
distilled water, to which solution has been added 1 gm. of phenolphthalein 
dissolved in alcohol. The paper is then allowed to dry. When used as 
described, a pink stain occurs at the negative pole. 
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Pole-finding paper may also be used. In this case the two 
leads should be connected through a lamp to two metal pins 
fixed in an insulating plate (an ordinary 5-amp. plug will 
do very well) and the two electrodes should be drawn rapidly 
across the paper, tracing out two parallel lines. On the paper 
will be found two lines of coloured dashes, the spaces of 
one line standing opposite the marks of the other. This 
illustrates the alternations of polarity which occur in A.C. 
mains. 

In order to measure the voltage, instruments of suitable 
type and range must be used. Th6 two commonest types are 
moving-iron and electrostatic instruments. Their reading 
gives the R.M.S. value. A moving-coil instrument cannot be 
used for alternating voltages without modification. 

Experiment 4. Ohm’s Law 

This is the most important law in electricity. Tt states that 
the current passing through a conductor is proportional to 
the voltage between its ends, provided the physical state 
(i.e. temperature, structure, etc.) of the conductor remains 
unchanged. The law should be taken as applying to steady 
currents and voltages. If F - the voltage and / — the 
current, then V is proportional to /, or V = Rl , where R is 
a constant. This constant is the resistance of the conductor 
and is thus defined as the ratio of V to /. If V is expressed 
in volts and I in amperes , then R is in ohms. 

In order to confirm Ohm’s Law it is necessary to measure 
the current through a fixed resistance, and the voltage (or 
potential difference) between its ends. 

In measuring the voltage, care must be taken to use. a 
voltmeter of such high resistance that its connexion across 
the resistance under test does not appreciably disturb the 
current in the circuit or the voltage across R. 

A suitable resistance for this experiment is an ordinary 
wire rheostat of about 10 Q. The circuit is connected as 
shown in Fig. 2, the cells (6 volts), switch, ammeter (0-1 amp.), 
resistance R, and controlling rheostat P being all in series. 

The voltmeter (0 — 10 volts) is connected across the used 
portion of the rheostat from which R is taken. Setting P at 
its maximum value and R at about half-value, the current 
is switched on and adjusted to 0*1 amp. by altering P. The 
voltage V across R is recorded. Then, keeping R fixed, the 
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current is adjusted to 0*2, 6-3, . . . amp. in turn anS, at 
each value of current, the voltage is read and recorded. 

Ohm's Law may then be tested in two ways. First, working 
out the ratio Vjl for each pair of readings, the value of this 



ratio should be sensibly constant, giving the resistance E. 
Secondly, the relation between V and I may be expressed by 
a graph. Choosing suitable scales, V is plotted against I as 
shown in Fig. 3. It will be found that the points lie on a 



CURRENT I AMPERES 

Fig. 3. Linear Relation between V and I 

straight line which passes through the origin 0. Thus V and 
I are connected by a linear law, which is another way of stating 
Ohm's Law. 

A second set of readings should be taken with a different, 
but fixed, value of R. On plotting these readings in the same 
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way, a straight line passing through the origin will again be 
obtained, but it will have a different slope. 

Experiment 5, The Resistance of an Electric Lamp 

As stated above, Ohm’s Law applies strictly only if the 
temperature of the conductor remains constant. If the tem- 
perature of the conductor depends on the current, as in an 
electric lamp, the delation between V and I will not be a 
straight line, but the resistance R is still defined as the ratio 



Ficj. 4 . Circuit to Obtain Characteristic of a Lamp 

V/I. The value of R will no longer be a constant, but will 
depend on the voltage applied to the lamp. The purpose of 
this experiment is to obtain the characteristic of a lamp and 
to investigate how the resistance depends on the voltage. The 
characteristic is the curve obtained by plotting 1 against V . 

The experiment may be carried out either with a small 
flash-lamp or with a lamp normally used on the mains. In 
the former case the supply could be 4 volts from accumulators ; 
in the latter it will be the D.C. mains. The circuit will be as 
shown in Fig. 4. 

The voltage to be applied to the lamp is obtained from a 
potential divider XYZ in order that it may be varied from 0 
to the rated maximum for the particular lamp used. The 
supply is connected to the ends of the resistance XZ (which 
must be capable of carrying the current when it is connected 
to the supply without overheating) while the voltage for the 
lamp is tapped off from the end X and the slider Y. This 
voltage is applied to the lamp and ammeter (range 0-1 amp.) 
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with the voltmeter connected across them. If a flash-lamp 
is used, the voltmeter range should be 0-5 volts, but if a 
mains lamp is used the range of the instrument should be 
0-300 volts. Similarly, the choice of rheostat XZ will depend 
on the voltage of the supply. If mains are used, it should be 
about 1000 capable of carrying \ amp., while if cells are 
used, it need not be above 100 Q. 

The experiment is commenced with Y very near to X, 



0 12 3 

VOLTS V 

Fig. 5. (a) The Characteristic of a Flash-lamp; ( b ) Variation 
of Resistance with Voltage 
(R esistance scale on the right) 

thus applying a very small voltage to the lamp. A series of 
simultaneous readings of V and I are taken as Y is moved 
in steps towards Z. Care must be taken that the rated voltage 
of the lamp, printed upon it, is not exceeded. For each pair 
of values, the resistance B is calculated. Graphs are then 
drawn, as in Fig. 5, showing the relation between I and V 
and between R and F. 

It will be seen that the characteristic is curved, being 
therefore different from the linear graph obtained with a 
conductor satisfying Ohm’s Law. 

The arrangement of voltmeter and ammeter in the above 
circuit should be noted. The reading for V will be a little 
high because the resistance of the ammeter is included, but 
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it gives greater accuracy than connecting the voltmeter across 
the lamp alone, in which case the reading for 1 would be a 
little high because the ammeter would read the current 
through lamp and voltmeter in parallel. The resistance of the 
ammeter is usually a smaller fraction of the resistance of the 
lamp than the resistance of the lamp is of that of the voltmeter. 
Thus the error is smaller in the former case. The accuracy 
with which E can be determined depends on the accuracy 
with which the instruments can be read. If desired, the 


4 Volts 




Fig. 7. Resistances in 
Parallel 


resistance of the ammeter in this experiment can be readily 
measured by short-circuiting the lamp and using a very small 
voltage. It will probably be found to be negligible, but if not, 
can be subtracted from the calculated value of E. 

Experiment 6. Resistances in Series and in Parallel 

(a) When resistances E v E 2 , . . . , etc., are connected in 
series, the combined resistance is given by the sum of the 
individual resistances, or E = E t + jR 2 + • • • • 

This law may be confirmed by connecting in series two 
resistances similar to that used in confirming Ohm’s Law 
(say, two 10 £2 rheostats) and measuring their separate and 
combined resistance by the voltmeter-ammeter method. 

The circuit is shown in Fig. 6. A high resistance voltmeter 
is connected first across E v then across JK 2 , and finally across 
the two in series. If I is the current (kept constant during 
the measurements), while Vi, V t , and V are the respective 
voltages, we have E x ~ VJI, E 2 = VJl, and E = F//. 
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Measurements should be taken at various values of current 
which, to save arithmetical calculation,* may be taken at 
0*1, 0*2, . . . 0*8 amp. R will be found equal to R x + R 2 
within experimental error. 

(b) When resistances R Xy R 2i ... , etc., are connected in 
parallel, the combined resistance R is given by the relation 

I = JL + JL + . 

R RyRt 

In order to confirm this law, the components used in (a) are 
connected as in Fig. 7. The voltmeter is now connected 
permanently across'XF. If the lead from Y to R 2 is broken, 
then R x only is in circuit and can be measured, while if the 
lead from Y to R x is broken, R 2 only can be measured. Setting 
the rheostat sliders so that R x and R 2 are at their greatest 
values, and bringing R x only into circuit, the corresponding 
values of the current I x and the voltage V x are read. R 2 is 
then brought into circuit instead of R x , and the values of 
I 2 and V 2 observed. Finally, the connexion to R x is remade 
(so that R x and R 2 are in parallel) and the values I and V 
observed. 

Working out 

1 _ 1 1-A hI-A 

r ~~ r R x “ V x R 2 “ V 2 

it will be found that, within the limits of experimental error, 
the law mentioned above holds good. 

~ is termed the conductance. Thus, the conductance of a 

circuit composed of several conductors in parallel is the sum 
of the separate conductances. 

Experiment 7. The Potential Divider and Potentiometer 

(a) A potential divider has already been used in Experiment 
5. It provides a very convenient means of obtaining any 
desired fraction of a given voltage. Suppose that a number of 
resistances R v R 2 , . . . (ohms) are connected in series and 
that a current of I amps, passes through them. By Ohm's 
Law the p.d. in volts between the ends of R Y is V x = I X R v 
that between the ends of R 2 is V 2 ~ I x R 2t and so on. If 
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V is the total p.d. over tlie resistances, then V = V x + V 2 
and any desired voltage less than V may be obtained 
by tapping off from the ends of a suitable series resistance. 
The fraction of V which is obtained by tapping at the ends 


*1 


In order to test this arrangement, a rheostat of 400 to 
500 Q is connected in series with a carbon lamp (32 c.p.) and 



Fig. 8. Simple Potential Divider 


a metal filament lamp (40 watts) on the D.C. 200-volt mains. 
Using a high-resistance voltmeter of range 0-300 volts, the 
potential drop across each resistance and across the three 
resistances is measured. It will then be apparent that V = 

\\ + V, + v 3 . 

(b) For many purposes a continuously variable potential 
divider is required. In this case a uniform wire is used, either 
straight or wound on a cylinder with a sliding contact. The 
voltage tapped off is then proportional to the length of wire 
between the tapping points. For experimental work, 2 metres 
of No. 30 S.W.G. eureka wire may be stretched in four 50-cm. 
lengths between fixing plates of copper or brass on a board 
which is provided with a £ metre scale and a tapping contact, 
so that the distance L between one end of the wire and the 
tapping point may be measured. This wire is shown at XT 
in Fig. 8, the tapping point being at Z . A 2-volt cell is con- 
nected to the ends of the wire and the voltmeter (range 0-3 
volts) is connected between the end X and the. slider Z. 
Setting L (== the distance XZ) at 20, 40, 60, . . . 180 cm. 
in succession, the voltage for each value is read. 

In order to test whether the p.d. tapped off is proportional 
to L , the value of V is plotted against the value of L. If the 
wire is uniform, the points will be found to lie on a straight 
line. 
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The above methods of potential division are often used in 
radio circuits. A potential divider of the second type, using 
a wire or a circular strip coated with carbon, is generally called 
a potentiometer. Although this term has passed into common 
usage, it is strictly incorrect. 

(c) The potentiometer is an arrangement which makes 
use of the above results in order to measure the E.M.F. of a 
cell or other potential differences. A simple form is shown 


2 Volts 



Fi«. 9. Simple Potentiometer 


in Fig. 0. X Y is the uniform wire 200 cm. long, used previ- 
ously, and it is supplied by a 2-volt accumulator. The cell 
whose E.M.F. E is to be measured (E must be less than that 
of the cell supplying X Y) is arranged so that E is opposed to 
the p.d. between X and the tapping point Z on the wire. If 
the position of Z is adjusted until this p.d. is equal to E, 
then no current will flow through E. This condition is found 
by connecting a sensitive current measuring instrument or 
galvanometer G in series with E, and adjusting the position 
of Z until no deflexion of G occurs on making the contact 
at Z. 

If the potential difference between X and Y is 2 volts, then 


__ length XZ 
* “ length X Y 


X 2 volts 


As an example for a particular cell, suppose XZ for balance 
— 144-6 cm., while XY = 200 cm. ; then E — 1*446 volts. 


The importance of this method lies in the fact that, when 
balanced as described, no current passes through the cell under 
test and thus its E.M.F. (which is the p.d. between its ter- 
minals on open circuit) is accurately measured. 
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Experiment 8. Measurement of Resistance by the Wheatstone 
Bridge 

The Wheatstone bridge is the most accurate method of 
measuring resistances of ordinary value, between 1 and 
.10,000 Q. It consists of four resistances P, Q , R, and 8, called 
the arms of the bridge, joined in a diamond shape as shown 
in Fig. 10. A cell is connected to two opposite corners, and a 
sensitive galvanometer G to the other two opposite corners. 



Fi<;. 10. Wheatstone Hriimje 


The bridge is said to be balanced when no current flows 
through G, a condition which is attained by adjustment of the 
resistances in one or more of the arms. When this is the case, 

P _R 
Q ~~ 8 

P 

If R is the resistance to be measured, then R — — x S and 

may be calculated if the ratio P/Q and the value of 8 for 
balance are known. 

A simple form of the bridge is the metre wire bridge shown 
in Fig. 11. Copper strips carrying terminals are fixed to a 
base board so that two gaps are provide*! in which the resis- 
tances R and 8 may be connected, while between the ends 
X and Y is stretched a uniform wire 100 cm. long, with a 
movable tapping contact Z whose position can be read on a 
metre-scale fixed near the wire. The resistances of the lengths 
XZ and ZY provide the arms P and Q , whose ratio is therefore 
variable. 
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If the length XZ ■■ 
100 — L cm., then 


L cm. (for balance), so that ZY - 


R = 


100 -L 


x S 


In measuring the resistance of a coil by this method, 8 is 
a standard resistance and should be chosen so that it is 
approximately equal to R, i.e. the balance point is found 
near the centre of the wire. The accuracy of the measurement 



Fig. 11. The Metre Bridge 


is then greatest. Short, stout leads should be used for con- 
necting R and S to the bridge, so that their unknown resistance 
may be negligible. It is assumed that the copper strips have 
negligible resistance also, and that the points where the wire 
is soldered to the strips are opposite the 0 and 100 marks 
on the scale. 

The resistances of several coils should be measured, e.g. 
wireless coils of 100, 300, and 1000 turns. A Leclanche cell 
should be used with a tapping key so that it is connected 
only while a balance is being secured. 

Experiment 9. Resistance of Wires 

The resistance R of a piece of uniform wire depends upon 
(a) its length L, (6) its cross-sectional area A, and (c) the specific 
resistance s of the material. R is proportional to L and s , but 
inversely proportional to A and is given by the formula 



If d is the diameter of the wire, A = — - and hence 

4 
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Thus, if we have two wires of the same length and material, 
but of different diameters, and cZ 2 , their resistances R x and 
i? 2 are in the inverse ratio of the squares of their diameters, or 

/ iv 

r 2 [dj 

Also, if we measure the resistance of a wire of known length 
and diameter, the value of the specific resistance can be 
calculated from the relation given above, from which 

R x mZ 2 
4 = 4L 

The experimental work consists of two parts, first to confirm 
the dependence on diameter, and secondly to determine the 
specific resistance of various materials. The metre -bridge 
circuit of Fig. 11 is used with the (bare) wire under test 
connected in the gap R. The standard resistance S will be 
1 il or 10 fl, according to the value of R , being chosen so that 
when a reasonable length of wire is used, the balance point 
is near the middle of the bridge wire. Suitable wires are 
Nos. 22 and 30 S.W.G. eureka. Taking one of these wires 
about 1 metre long, measure with a micrometer screw gauge 
its diameter (in millimetres) at eight or ten points along its 
length. Allowance must be made for the zero error of the 
micrometer. The mean diameter is found and used in the 
calculations. The wire is then inserted under the terminals 
of the bridge gap, and the length between the terminals is 
adjusted until the balance point is somewhere near the centre 
of the bridge wire. After finding the balance point carefully, 
the wire is bent up at the points where it leaves the terminals, 
removed from the gap, and its length (between the bends) 
measured. The resistance of the wire is worked out from the 
metre-bridge formula (Experiment 8) and then the resistance 
per metre length is calculated. 

Similar measurements are made with the second eureka 
wire, giving its resistance per metre length. 

In order to confirm the law of dependence on diameter 
in the case of wires of the same length and material, the ratio 
of R x to R 2 , these being the resistances per metre, is calculated 
and compared with the ratio of d 2 2 to d t 2 . As an example of 
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the agreement to be expected, the following figures are taken 
from the results of an experiment — 

d 2 (d iam. No. 22) _ 0-712 _ 

^(diam. No. 30) ~ 0-315 ~ 

(jy = (2-26) 2 = 5-10 

R t ( 1 metre No. 30) 6-08 

R 2 ( 1 metre No. 22) “ 108 “ 514 

The specific resistance s is calculated from the formula 
given by inserting* the measured values of R , L , and d for 
the wire. Care must be taken to express both L and d in cm. 
The value of s for eureka will be found to be about 47 X 10' 6 
ohm. cm., or 47 microhm, cm. 

Measurements should also be made with copper wire and 
its specific resistance determined. It will be found to be 
about 1-7 microhm, cm. A suitable gauge in this case is 
No. 34 or 36 S.W.G. 

Experiment 10. The Lead-acid Cell 

The purpose of this experiment is to examine the changes 
which occur when a simple accumulator, made by immersing 
two lead plates in a dilute solution of sulphuric acid, is charged 
and discharged. Although the cell so formed is of little value 
as an accumulator, the information gained is of importance 
in connexion with the charging and care of accumulators 
and, moreover, tjie changes can be observed in a reasonably 
short period of time. 

(a) Two clean plates of lead with terminals free from cor- 
rosion, are set up in a jar about three-quarters full of battery 
acid (specific gravity about 1-20). This cell is to be charged 
by passing current through it from a 4-volt battery, the value 
of the current being controlled by a rheostat (0— 25 fi). 
Across the cell is connected a voltmeter (0-3 or 0-5 volts 
range) to measure the p.d. as charging proceeds. The circuit 
is shown in Fig.* 12 (a). Before the switch is closed, the 
voltmeter should read zero. 

Commencing with the smallest current, the switch is closed 
and observations are made of the reading of the voltmeter 
at definite intervals of time, say every 15 seconds. It will 
be seen that the voltmeter reading rises somewhat slowly to 
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a maximum. When this has been reached, the current should 
be increased until the voltmeter reads 2-6 volts and the 
charging continued for about 20 minutes. The changes which 
occur in the plates will then be obvious ; the positive plate is 


4 Volts 



(a) (b) 

Fig. 12. Simple Lead Cell : (a) Charging Circuit 
( b ) Discharging Circuit 


covered with a brown layer of lead peroxide, while the negative 
plate remains lead of a slate-grey colour. The circuit should be 
broken after charging and the voltmeter reading again observed. 

(b) In order to discharge the cell, the charging battery is 
disconnected and the circuit reconnected as shown in 
Fig. 12 (b) with the rheostat resistance at maximum. Switching 



0 5 10 15' 

TIME IN MINUTES 

Fig. 13. Change of P.D. across Lead Cell during 
Discharge ' 

on, the voltmeter reading is taken at one-minute intervals 
until it has fallen to about 1 volt. A graph may now be 
plotted, as in Fig. 13, showing how the p.d. across the cell 
varies with time during discharge. 
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It will be noted that for the greater part of the discharge, the 
p.d. remains practically constant at about 2 volts. In practice, 
a lead accumulator should never be discharged below 1*8 volts. 

Experiment 11. Charging and Testing Lead-acid Accumulators 

The proper charging and care of accumulators is of great 
importance in any electrical laboratory. With careful atten- 
tion in both charging and discharging, a lead accumulator 
will last a good number of years. It can, however, be seriously 
damaged by neglect or by discharging at too great a rate. 
Regular tests of agcumulators are thus very essential, the 
two usual tests being (i) by voltmeter, (ii) by hydrometer. 

(a) Testing Accumulators 

Although a common voltmeter test to decide whether a 
cell requires recharging consists in measuring the E.M.F. in 
the ordinary way to see whether it is in the region of 1*8 volts, 
the proper way to carry out such a test is to measure the 
p.d. at the terminals of the cell when it is discharging at its 
maximum permissible rate. The maximum permissible current 
is either given on the label of the cell, or is found by dividing 
the capacity of the accumulator in ampere-hours by ten. 
Thus, in order to test the state of an accumulator in this 
way, it should be connected to a rheostat of, say, 8 12, capable 
of carrying 5 amps, with an ammeter of range 0^5 amps, in 
series. The rheostat is adjusted until the maximum permissible 
current is obtained, when the p.d. across the cell should be 
measured. If it is found to be 1-8 volts or less, the cell requires 
charging. 

Measurements of the specific gravity of the acid, using a 
hydrometer, afford the best test of the state of an accumu- 
lator, provided the cell has originally been filled with acid 
of the correct specific gravity, and has received proper atten- 
tion as regards its acid level at each charge. The values’ of 
specific gravity at full charge, and in the discharged state, 
vary somewhat with the make of ceil, but it may be taken as 
a working rule, ip the absence of other figures, that when an 
accumulator is fully charged, the S.G. of its acid is 1*250 to 
1*270, while if the value has fallen to 1*150 to 1*170, the cell 
requires recharging. 

An approximate idea of the state of an accumulator can 
be obtained by examining the colour of its plates, if they are 
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visible. When fully charged, the positives are a dark chocolate- 
brown, and the negatives are slate -grey in colour. As discharge 
proceeds, both plates tend to become lighter in colour. 

(6) Charging Accumulators 

Before charging, the cells should be examined and tested 
in one of the ways mentioned above. Even if the test shows 
that the cells are only partially discharged, it is still good 



practice to charge them, as an accumulator is kept in good 
condition by being charged regularly (say once a week or 
fortnight). The charging supply will usually be the D.C. 
mains, and it will therefore be necessary to have a resistance 
in series which can be adjusted to give the correct charging 
current. If a suitable rheostat ((>() O carrying 10 amps.) is 
not available, a good substitute consists of a number of 
electric lamps in parallel. Lamp sockets are wired in parallel 
on a board, and 50-c.p. carbon lamps or 100-watt metal fila- 
ment lamps are inserted as required. The circuit is shown in 
Fig. 14. It contains a 5-amp. fuse, an ammeter (0-5 amps.), 
the parallel arrangement of lamps and the accumulators to 
be charged, in series, the positive pole of the supply being 
connected to the positive terminal of the battery. In order 
to avoid the danger of accidental shorting between an accumu- 
lator at the beginning and one at the end, a long insulated 
negative lead is used. When space limitations require the 
cells to be arranged in several rows (or banks), the long 
negative lead is still used and the correct arrangement of 
wiring is that shown in the diagram. With this arrangement 
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the p.d. between adjacent accumulators is not greater than 
4 volts. Before commencing to charge, note the acid level 
in each cell. If it is low, owing to evaporation, add distilled 
water to bring the level up to the mark, which is usually 
about Jin. above the plates. Switching on the mains, the 
current is adjusted by inserting tamps in the sockets until it 
is approximately the correct charging value for the cells. 
If this is not possible, a value near 2 amps, will be suitable, 
in which case the charging may take longer. After several 
hours’ charging, the individual cells should be tested by 
tapping the voltmeter V (0-3 volts) across each cell, and by 
measuring with a hydrometer the S.G. of the acid. Charging 
should be continued until the voltage on charge shows a 
constant value (generally about 2*6 volts) for one hour, or 
until the S.G. remains at a constant value (generally 1*270) 
for the same period of time. It should be noted that when the 
cells are fully charged, bubbles of gas are seen rising from the 
plates. The gas above the plates is an explosive mixture of 
hydrogen and oxygen ; it is therefore essential to ventilate 
freely any room used for charging, and on no account must 
naked lights be used to examine the cells, or to take voltmeter 
or hydrometer readings. When the cells have been fully 
charged, they are removed from the circuit, their tops are 
cleaned, and the terminals smeared with a little vaseline to 
prevent corrosion. 

(c) To Test the Capacity of an Accumulator 

The capacity of an accumulator is the total quantity of 
electricity, measured in ampere-hours, which may be obtained 
by discharging (to 1*8 volts) a fully-charged cell, provided the 
current taken does not exceed that given by the rating of the 
accumulator. This rating is generally the 10-hour rate, which 
means that the cell is not designed to give a current greater 
than that which would discharge it in 10 hours. 

In order to measure the capacity it is, therefore, necessary 
to take a full^charged cell and to put it on load at a current 
given by its 10-hour rate. The time in hours for the p.d. on 
load to fall to 1*8 volts is measured. Then the capacity is 
obtained by multiplying the current in amps, by the time in 
hours. The capacity of an accumulator depends to some 
extent on the rate at which it is discharged, being greater if 
only small currents are taken. 
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Experiment 12. The Heating Effect of Current 

In passing from a point of higher potential to one of lower 
potential, an electric current gives up energy. If there is a 
p.d. of V volts between two points in a circuit in which the 
current is I amps., then energy is expended in that part of 
the circuit at a rate which is given by V X I watts. This is 
a measure of the power. 

If the portion of the circuit concerned is a resistance B , 
then V X I — I 2 B (by Ohm’s Law) and the energy appears 



Fig. 15. Hkatino Effect of a Current 


as heat in the resistance. Thus the rate at which heat L’ 
produced by the current is proportional to the square of th ' 
current, or H = k . I 2 where k is some constant. This means' 
that if the current is doubled, heat is produced at four times' 
the former rate. 

In order to confirm this law experimentally, a resistance 
coil of eureka or nichrome is immersed in water contained 
in a copper calorimeter, and the rise of temperature product * 
in a fixed time is measured for various values of the current!. 
Provided the mass of water used and the time taken ar the 
same in each experiment, the heat produced by the current i.i 
the coil (and communicated to the water and container) i3 
proportional to the rise of temperature. 

A correction has to be applied to the observid rise of tem- 
perature in the manner described below, in order to make 
allowance for the heat which is lost by cooling while the 
experiment is proceeding. This cooling is considerably reduce 1 
by, surrounding the calorimeter with a layer of felt. 

The circuit, shown in Fig. 15, consists of the coil in series 
with an ammeter (0-5 amps.), a controlling rheostat of about 
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5 12, a switch and a 6- volt battery of accumulators. In addi- 
tion to the coil, there is immersed in the water the bulb of a 
thermometer held in the centre of the lid, yrhich also carries 
the terminals and thick leads to the coil. A stirrer, which 
consists of a loop of wire nearly fitting the calorimeter and 
moved up and down by a stiff wire which passes through a 
hole in the lid, is also required. Before taking any temperature 
readings, the water should be stirred to ensure a uniform 
temperature throughout. Having set up the apparatus, with 
the calorimeter about half-full, the current is switched on, 
quickly adjusted A fo 1 amp., and immediately switched off. 
The first experiment may now be commenced. After stirring, 
the initial temperature of the water is carefully read and then, 
at a definite instant of time which is noted on a stop-clock, 
the current is switched on. A constant current, adjusted at 
intervals as may be necessary, is allowed to flow for 20 minutes, 
measured on the stop- clock. During this period, the water is 
stirred occasionally (and especially just before switching off) 
and then the thermometer is read at the instant of switching 
>ff. In order to correct for the heat lost by cooling during the 
1 0 minutes, a third reading of the temperature is taken at 
he end of a further 10 minutes. By adding the drop in 
.mperature in this 10 minutes to the rise recorded in the 
previous 20 minutes, we get the temperature rise which would 
have occurred in the main experiment if there had been no 
cooling. 

A second experiment with the same procedure is now to be 
arried out with a current twice as large. Keeping th6 same 

ass of water, the current is quickly adjusted to 2 amps. 

c to a near value, which is measured on the ammeter) and 
witoty e cl off. Proceeding then in exactly the same way as in 
tye iirst experiment, but with a current of 2 amps., the ob- 
c-rved rise in temperature in 20 minutes is corrected (by 
>bserving again the fall after a further 10 minutes) to give 
he rise which would have occurred if there had been no cooling. 
! Two ratios are now worked out. First, the ratio 


Rise of temp, with 2 amps. 
Rise of temp, with 1 amp. 


using, of course, the corrected figures, and secondly, which 
is the ratio of the squares of the two currents. If the currents 
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are as stated, this second ratio will be equal to four and vn. 
ratio of the temperature rises will be foimd to be very nearly 
equal to it, thus confirming the law that the heating effect of 
a current is proportional to the square of that current. 


Experiment 13. The Internal Resistance of a Cell 

The maximum current which can be given by a cell is 
limited by the internal resistance of the cell. Consider a 

cell whose E.M.F. is E and its inter- 
nal resistance B arranged in the cir- 
cuit shown in Fig. 16, so that it may 
be connected to an external resis- 
tance B bv closing the switch. A 
voltmeter measures the p.d. at the 
cell terminals. When the switch is 
open the voltmeter reads E , the 
E.M.F. of the cell, since the cell is, 
for all practical purposes, on open 
circuit. When, however, the switch 
is closed, a current Hows round the 
circuit and the voltmeter reading 
drops to V. This is the p.d. at the cell terminals on closed 
circuit and is less than E because the current through the cell 
flows from the negative pole to the positive pole and, there- 
fore, involves a volts drop in the cell in opposition to E. This 
volts drop is equal to IB where / is the current, and therefore 

E-V = IB 



R 

Fig. 16 . Determi nation 
of Internal Resis- 
tance of a Cell 


But, applying Ohm’s Law to the external resistance R , 

V = IR 
\ 

Dividing one of these equations by the other, we obtain 


E-V B _ E — 

v = 3 f or 5 = v 


x R 


The value of B may therefore be found N by measuring E and 
V for a known value of R. 

It will be seen from the above theory that V will not be 
very different from E if B is small. A first experiment should 
therefore be made on a cell with considerable internal resis ' 
tance, such as wet Leclanch6 cell. The switch in the circuit 
should be a tapping key, so that for small values of R the 



SIMPLE D.C. EXPERIMENTS 


23 


• need not be kept running for longer than is necessary 
V. The resistance R is taken from a resistance box 
and must not be less than 2 Q in any of these experiments. 
Starting with R = 10 £2, the open- circuit reading of the 
voltmeter is taken, to give E and then, closing the key, the 
closed- circuit reading is taken, giving V. The key is immedi- 
ately released. This procedure is repeated for R = 10, 5 
and 2 (1 in succession, the readings being tabulated and B 
worked out in each case. It will probably be found that 
B is not quite constant, but depends on the current taken 
from the cell, becoming slightly smaller as the current is 
increased. 

Similar sets of observations should then be made on a dry 
cell and on an accumulator. It is particularly important, 
with these cells, to see that the circuit is closed for only a 
very short time, say two seconds or less. In each case, unless 
the dry cell is at the end of its useful life, the internal resistance 
will be found to be much smaller. That of the accumulator 
may be as small as 0*03 £2, which is the reason for ensuring 
that accumulators are never short-circuited. If such a short 


circuit were to occur, the current would be initially equal to 


21 

6*03 


70 amps., which would cause serious damage to the cell. 


One result, which is never applied to cells, but which is 
useful in calculations on the equivalent circuits of wireless 
valves, follows from the above theory. If the source is short- 
ly 

circuited so that R — 0, then V = 0 and B = y. 


Or, expressed in words — 

Internal resistance of a source = 


Open-circuit volts 
Short-circuit current 


Experiment 14. Maximum Power in External Circuit 

The power (in watts) which a source of given E.M.F. can 
deliver to the external circuit or load connected to it, depends 
on the internal resistance of the source as well as upon the 
resistance of the load. It can be proved that this power is a 
maximum if the external resistance is equal to the internal 
•esistance, and the purpose of this experiment is to confirm 
his result. In a radio receiver this principle of obtaining the 
maximum power is applied in the circuit of the last (or power) 

a-- (T.275) 
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valve working the phones or loud speaker, the load and valve 
being then said to be matched. 

In the present experiment an artificial resistance B is 
introduced between two accumulators to give an internal 
resistance much greater than that of the actual cells, which 
is negligible, and this arrangement is to be considered as the 
source with terminals X and Y (see Fig. 17). A 16 ft or 25 ft 



R 


Fig. 17. Circuit for Investigating Maximum Power 
in Load 

rheostat serves very well for B. The external load is a resis- 
tance R taken from a box, and a voltmeter V (0-5 volts) is 
connected across XY (it is also across R when the circuit is 
closed). The power expended in R is I 2 R or V 2 /R watts when 
I is measured in amps., V in volts, and R in ohms. 

Before closing the switch, the voltmeter reading should be 
taken to give E , the E.M.F. of the source. Then setting 
JR = 0, 1, 2, 3, 4, 6, 8, 10, 12, 14, 16, 20, 30, 50, 70 ft in turn, 
and closing the switch, the voltmeter reading V is observed 
for each value of R. When R — 0, the value of V should be 
0. If it is not so, the contacts of the resistance box are loose 
or require cleaning, a point which should always receive 
attention when low values of resistance arc used from a 
resistance box. 

From these readings the power W expended in R is calcu- 
lated for each value of R. If these are tabulated it will be 
seen that, as R increases, W rises to a maximum and then 
decreases. By plotting W against R , the value of R at which 
the maximum occurs may be found. Such a graph will have 
the form shown in Fig. 18. 

In order to confirm that the maximum occurs when R = B, 
it is necessary to measure B, as the actual resistance of the 
rheostat may be different from its nominal value. To do this, 
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adjust R until V — \E. Then B is equal to this particular 
value of R. 

A second experiment may be carried out using a different 


to 0‘3 
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Fin. 18. Relation between Power W and Load Resistance R 


rheostat, say 25 Q, for B . It will be found again that the 
maximum power in R occurs when R — B. 

Experiment 15. Voltmeter Resistance 

It has already been pointed out (see Experiments 4 and 7) 
that when measuring the p.d. between two points in a circuit 
by means of a voltmeter, the resistance of the instrument 
used is an important consideration. It should be clearly 
realized that a voltmeter, when connected in a circuit, records 
the p.d. between its terminals. 

The reading obtained will de- 
pend on the components of the 
circuit and on the resistance 
of the voltmeter. This will be 
illustrated by the tests to be 
made in these experiments. Two 
voltmeters of about the same Fig. 19. To Determine the 
range (say 0-3 volts) will be Resistance of a Voltmeter 
required, one having a low re- 
sistance, perhaps 300 to 450 Q, and the other a high resis- 
tance, perhaps 3000 Q. 

{a) Determination of the Resistance of a Voltmeter 

' The low resistance voltmeter is connected in series with a 
2- volt accumulator, a resistance box and a switch as shown 
in Fig. 19. Let R v be the resistance of the voltmeter and R 
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the resistance in the box. Then the p.d. across the voltmeter 
It 

will be V — - p X E (since the internal resistance of the 

li “p ilj, 

cell is negligible) and the instrument will record this voltage. 
It should be noted (i) that if R = 0, then V = E t (ii) that if 
B = B v , then V = %E, which gives a simple method of 



R OHMS 

Fig. 20. Relation between B and 1/F 


measuring B v , viz. by adding B to the circuit until the volt- 
meter reading is one-half the E.M.F. of the cell, and (iii) that 

B E 

equation may be written B + B v — ■ v - ^ , 


the 


which 


enables corresponding readings of B and V to be dealt with 
by a graphical method. 

Commencing with R = 2000 ii and setting it invturn at 
1000, 800, 600, . . . 100, 0 ii, the voltmeter reading at each 
resistance is observed and recorded. In order to treat the 
observations graphically, l/V is worked out and plotted 
against B. This should give a straight line, which if produced 
backwards, as shown in Fig. 20, cuts the axis of B at a point 
A such that the intercept OA gives the resistance of the 
voltmeter. As a check on the result, the value should be 
found by the method indicated in (ii) above, in which B is 
adjusted until V = \E. 


(6) P.D. Measurements in a Simple Circuit 
A 2- volt accumulator is connected to two resistances P 
and Q taken from boxes in series. Across Q are connected 
two voltmeters, each with a key so that either or both may 
be used. V x is the low resistance instrument whose resistance 
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R v has been measured, while V 2 is a high-resistance instrument 
of about the same range (0-3 volts). P and Q are each set 
equal to R v . First connect only V x to the terminals of Q , and 
observe its reading (although P — Q, it is not 1 volt). The 
reading of V x is that which would be expected for the p.d. 
across Q with V x connected to it, and this value should be 


2V 



Fig. 21. Using Voltmeters of Different Resistance 

checked by calculation from the known values of P, Q , and 
R v . Secondly, connect F 2 , as well as V v across Q. It will be 
seen that there is no appreciable change in the reading of 
\\ and that V 2 reads the same as ]\ within instrumental 
error. Thus F 2 does record without appreciable error, owing 
to its high resistance, the p.d. already existing between the 
two points to which it is connected. Thirdly, disconnect 
\\ and observe the reading of F 2 alone connected across Q, 
It may then be checked by calculation that this is very nearly 
the p.d. existing across Q before V 2 was connected. 

Strictly, the connexion of any instrument which takes 
current disturbs the circuit, but with a high-resistance instru- 
ment the effect is negligible. The ideal instrument for meas- 
uring p.d. would be a voltmeter which took no current ; the 
electrostatic voltmeter is such an instrument, but it is in- 
sensitive at values less than 50 volts. 



CHAPTER II 

MAGNETISM AND ELECTROMAGNETISM 

In this chapter the experimental work is concerned with 
the basic facts and principles of magnetism and electro- 
magnetism and with some of their applications. 

Experiment 16. Lines o! Magnetic Force 

When a bar of steel is magnetized, its magnetism is most 
apparent in regions near the ends, which are called the poles. 
If the magnet is hung up horizontally in a stirrup and allowed 
to come to rest, the pole which points towards the north is 
called the North pole, while the other is the South pole. 
Magnetic poles attract or repel one another according to their 
kind. Like poles repel and unlike poles attract each other. 
These forces of repulsion or attraction are explained by means 
of lines of force which are found in the neighbourhood of a 
magnet and, in fact, wherever there is a magnetic field. They 
leave a magnet at the North pole and enter it at the South 
pole. They are in a state of tension along their length and 
act as if they repelled each other laterally. 

The distribution of the lines of force round a magnet may 
be investigated (a) by iron filings, (6) by plotting with a small 
compass needle. 

(a) Iron Filings Method 

The filings are contained in a small canister with a wire 
gauze top, through which they may be sprinkled on to a sheet 
of card about 12 in. x 8 in. The layer of filings should be 
even, but not too thick. 

(i) A Singh Bar Magnet. The card with its layer of filings 
is carefully placed over the magnet, which should be at the 
centre, and the card is gently tapped. Each filing becomes a 
small magnet which sets itself along the line of force at the 
point where it is. A sketch should be made of the lines, it 
being remembered that the lines are actually unbroken curves, 
which never intersect. The direction of the field along each 
line should be indicated by arrows, showing the direction in 
which a very small North pole would travel. 

A permanent record of the disposition of the filings may 
be obtained by using blue-print paper, or photographic paper 

28 
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in place of the carc^be)teaper being developed and fixed in 
the normal way after toSpbsure to light. 

(ii) Two Magnets in Lirtfr. The magnetic field between two 
unlike or two like poles may be mapped out in a similar way. 
Two bar magnets are placed in line, first with unlike poles 
and secondly with like poles facing each other about 2 in. 
apart. The field is investigated by filings. In the first case, 
it will be seen that the lines from the North pole of one magnet 



pass to the South pole of the other magnet, and, if the card 
is tapped, the filings move as if the lines were trying to shorten 
themselves. This provides the explanation of the attraction 
between unlike poles. In the second case, the lines from the 
similar poles turn aside from each other and, if the card is 
tapped, the filings move away from a point between the poles. 
The lines of force repel each other sideways and thus give 
the repulsion between like poles. 

(iii) The Effect of Introducing Soft Iron into the Field. A 
piece of iron sheet about 2 in. X 1 in. is placed at the centre 
of the space between two magnets arranged in line with 
unlike poles towards the iron, and the lines of force are mapped 
out by filings. It will be found that the lines bend into the 
iron, and the iron becomes magnetized by induction. Where 
the lines enter the iron there is induced a South pole, and 
where they leave there is induced a North pole. 

(6) Compass Needle Method 
Lines of force may be plotted by using a small compass 
needle in the following way. Place the compass on the paper 
and mark by dots on the paper the position of the ends, A 
and B of the needle. Now move the compass until the epd 
A covers the dot originally under B and mark the new position 
of the end B. Continue in this way and draw the line joining 
the dots to give the line of force. This is illustrated in Fig. 22. 
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The method should be applied to those cases already studied 
by the filings method, drawing out some 15 to 20 lines in the 
important regions of the field. In the cases involving two 
magnets, these should be set further apart than for the 
experiments with filings. As before, it is important to indicate 
the directions of the lines of force. 

Experiment 17. Magnetic Field Due to a Current 

The discovery, by Oersted, that an electric current has a 
magQe^jp^Leld associated with it, is of fundamental importance. 

If a compass needle is placed near a 
straight wire, it is found to be de- 
flected when a current is passing 
through the wire. The direction of 
this magnetic field, is given by 
Ampere’s swimmer's rule, or by 
Maxwell’s right-hand screw rule. The 
former states: Swim with the cur- 
rent, facing the compass needle, then 
the North pole will move to the left, 
thus giving the direction of the mag- 
netic field. The latter states that the 
lines of magnetic force are circles 
round the wire, and .that the direc- 
tion of the field along these lines is 
the direction of rotation of a right- 
handed screw turned so as to travel in the direction of the 
current. 

The strength of the field is proportional to the current and 
inversely proportional to the distance from the wire. 

(a) The Field Due to a Straight Current 

A 2-volt cell is connected, through a switch, to a length of 
about | metre of No. 30 S.W.G. eureka wire (this avoids 
the use of a rheostat which, unless specially wound, would 
give a field itself). A good portion of the wire is held parallel 
to a compass needle set near the wire. Switching on the 
current, the direction of motion of the North pole of the 
compass is observed first when the wire is above the needle, 
and secondly when it is below. Knowing the direction of the 
current, the rules given above for the direction of the magnetic 
field are confirmed (see Fig. 23). In a further experiment, the 



(a) (b) 

Fig. 23. Direction of 
Magnetic Field due to 
a Straight Current 

(a) Below the Wire 

( b ) Above the Wire 
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• 

wire should be held vertically, passing through the centre of 
a stiff card or piece of wood held horizontally. The compass 
needle is placed on the card and moved round the wire, when 
it will be found that the lines of force encircle the wire, with 
direction given by the right-hand screw rule. They will not 
be circles, however, since the magnetic field of the earth will 
cause some distortion. 


(b) The Fielh Due to Current in a Helix 

A suitable helix for this experiment is one made by winding 
insulated copper wire No. 24 S.W.G. on an ebonite or paxolin 



Fig. 24 . Magnetic Field due to Current in a Helix 


tube about 1| in. in diameter and 8 in. long. The wire, 
which should be close-wound, may be in several layers, 
provided the direction of winding is the same in each layer. 
The helix is set along the magnetic E.-W. line and is connected 
to a 2-volt accumulator and a switch. The magnetic field 
inside and near the ends of the coil may be investigated by 
filings or by compass needle. A piece of card is cut so that 
part of it can slide inside the tube along a central plane while 
the remainder, which is wider, stands outside. Filings are 
sprinkled uniforntly on this card, which is then inserted and 
the current switched on. After tapping and switching off, 
the card is carefully removed and a diagram drawn showing the 
disposition of the lines of force. It will be noted that the 
lines are parallel within the helix, denoting a uniform field. 

A compass needle may also be used to plot some of the 
lines. In this case, the lines should be followed back along 
the outside of the solenoid and their direction noted. It will 
be seen that they emerge from one end and enter the other 
end of the coil, thus giving it polarity like a magnet. The 
right-hand screw rule may now be applied (see Fig. 24) to 
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confirm the polarity. Alternatively, if the direction of winding 
is unknown, it may be found by testing the polarity. It should 
also be noted that the lines of force are closed curves, passing 
through the coil and back round the outside. 

(c) The Effect of an Iron Core 

For this experiment a helix of smaller diameter is desirable 
so that a soft-iron bar or bundle of iron wires of reasonable 
size may be inserted to fit. Placing the compass needle at 
about 10 cm. from the end of the coil, the large increase in 
the strength of the field there due to inserting a soft -iron 
core in the solenoid may be shown by noting the much more 
rapid rate of vibration of the needle as it settles to its final 
position. The polarity of the iron agrees with that of the 
helix alone. Moving the needle near the end of the iron bar, 
it will be seen that the bar has become temporarily a strong 
magnet. The current is now switched off, when it will be 
found that the magnetization of the iron has dropped almost, 
but not quite, to zero. This is due to the demagnetizing 
action of the reverse field set up by the poles induced in the 
iron. 

( d ) Field Due to a Current in a Circular Coil 

Another important case in which the field may be investi- 
gated is that of a flat circular coil. Such a coil, consisting of 
200 to 500 turns wound on a former whose mean diameter is, 
say, 15 cm., can be fixed with its plane vettical in the middle 
of a horizontal board which passes through the centre of the 
coil (the board consists of two parts, cut so as to accommodate 
the coil and fixed together again). With a sheet of paper on 
the board in the neighbourhood of the coil, the magnetic 
field due to a current in the coil is plotted with a compass 
needle. The lines of force are again closed curves, not exact 
circles, which ring the conductor. The strength of the field 
depends upon the number of ampere -turns, i.e. the current 
in amps, x the number of turns. If the coil has 500 turns 
of resistance 10 and is connected to a 2- volt cell, then the 
current is 0*2 amp. and the ampere^tums are equal to 100. 

In all the above experiments it should be noted that the 
lines of force are closed curves linked with a conductor, and 
when the current is cut off the lines collapse and in so doing 
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cut the conductor. This gives electro-magnetic induction, 
which is the subject of the following experiments. 

Experiment 18. Electromagnetic Induction — The Laws of 
Faraday and Lenz 

Electromagnetic induction occurs when a conductor is 
moved so as to cut a magnetic field or when a magnetic field 
linked with a conductor is changing. Under these circum- 
stances an E.M.F. is induced in the conductor. This principle 
has many applications, as in the dynamo and the transformer. 
Faraday's Law states that the magnitude of the induced 
E.M.F. depends on tlie rate of cutting of the lines (or the 
rate of change of the number of linkages) and is proportional 
to this rate. Lenzs Law states that the induced E.M.F. is 
set up in such a direction that the effect of the induced current 
tends to oppose the change which produces it. 

The present experiments are intended to illustrate these 
laws. A bobbin with a hole through the centre large enough 
to take a bar magnet freely, carries two independent coils 
of the same size and number of turns (say 20 turns each). 
The direction of winding of each coil must be known, and, if 
not obvious, should be marked by arrows on the outside 
when the coils are made. 

(a) To Observe the Induced Effect and to Show that 
it Depends on the Rate at which the Magnetic 
Field Changes 

One coil is connected to a sensitive galvanometer and then 
one pole of a bar magnet is inserted into the coil. The gal- 
vanometer will give a kick, showing that a momentary 
current has passed through it. The direction of the kick should 
be noted and also that there is no movement of the galvano- 
meter when the magnet is stationary, even within the coil. 
Then the pole is withdrawn and it will be seen that there is 
a kick in the direction opposite to the first. This experiment 
should then be repeated, using (i) a very slow movement of 
the magnet, and (ii) a rapid movement of the magnet. The 
difference in the effect in these two cases will show that the 
induced effect is greatest when the field changes at the greatest 
rate. The best results are obtained by withdrawing the magnet 
from the coil. 
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(b) To Show that the Induced Effect is Proportional 

to the Number of Turns on the Coil, for the Same 
Rate of Change of the Magnetic Field 

The two coils on the bobbin are connected in series so 
that their windings are in the same direction and then to 
the galvanometer. Placing the magnet with one pole inside 
the coil, the galvanometer zero is observed, and then the 
kick when the magnet is suddenly withdrawn. The mean of 
several observations should be taken. The mean throw of 
the galvanometer should be compared with that obtained 
with the same magnet when only one of the coils is used. It 
should be twice as large. 

(c) To Make a Non-inductive Coil 

The two coils on the bobbin are now connected so that their 
windings are in opposition. Changing the field suddenly 
as before, it will be found that no appreciable effect can be 
observed on the galvanometer. 

The coils of resistance boxes are wound non- inductively 
by doubling the wire on itself before winding and then winding 
the double strand as one. 

(d) To* Confirm Lenz’s Law 

In order to confirm this law (given above) it will be necessary 
first to determine which way the current flows through the 
galvanometer when the deflexion is in a known direction, say 
to the right. A 4-volt battery is connected in series with a 
resistance of 1 megohm and the galvanometer. This will give 
a current of about 4 microamps., the direction of which is 
known from the polarity of the cell, and this current will 
usually be sufficient to cause a slight deflexion of the galvano- 
meter. Should the galvanometer be insensitive, a lower 
resistance, say 50,000 Q, may be used. 

Then, returning to the single coil connected to the gal- 
vanometer, the direction of the induced current when the 
North pole of the magnet is brought up to one face is observed. 
By Lenz’s Law it should be in such a direction as to produce 
a retarding field, i.e. a North pole on that face of the coil. 

Looking at the coil face, a clockwise current produces a 
South pole and an anti-clockwise current produces a North 
pole. Thus, as the direction of winding is known, the law 
can be checked. Further observations should be made with 
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the North pole moving out, and with the South pole moving 
in and moving out. Diagrams similar to Fig. 25 should be 
drawn for each case. 

In the above experiment (except part of section (a ) ) and 
in that which follows, the change in the magnetic field is made 
in a time which is 
short compared with 
the period of swing 
of the galvanometer. 

Using this simple O 
apparatus, it is not 
possible to measure 
either the induced Fig. 25 . To Confirm Lenz’s Law 
E.M.F. or the rate 

of change of the magnetic field. The galvanometer, when 
used as described, gives a throw which is very nearly pro- 
portional to the total change in the number of ‘linkages with 
the coil connected to it. 



Experiment 19. A Second Experiment on Electromagnetic 
Induction 

In the last experiment the change of field was produced by 
moving a magnet. The change may also be produced by 

altering the current in a coil 
(called the primary) near which 
another coil (called the secon- 
dary) is situated. An E.M.F. 
will be induced in the secondary 
and the effect is governed by 
the laws of Faraday and Lenz 
when applied to this coil. 

A convenient primary coil 
consists of a solenoid about 
30 cm. long, wound with some 
900 turns of No. 22 S.W.G. 
copper wire. The secondary is a 
coil of 200 turns with a tapping 
at 10 turns (for a later experi- 
ment), wound on the primary, 
but insulated from it. The sole- 
noid should be capable of taking an iron core when desired. 
The circuit for these experiments is shown in Fig. 26. 
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The primary coil P is connected through a reversing switch 
K to a 6«volt battery, an ammeter (0-1), and a rheostat 
in series. 

The secondary coil S of 200 turns is connected to a gal- 
vanometer. When the switch K is in the position in which 
its connexions are 1 to 4 and 2 to 3, the current passes through 
P in the direction from left to right in the diagram. If K is 
now switched over so that the connections are 1 to 2, and 
3 to 4, the direction of the current through P is reversed. 
The key will probably have also, a position in which the 
current is broken. 

(а) To Observe the General Characteristics of the 

Induced Effect 

With the current adjusted to about 0-3 amp. and having 
removed the iron core if present, the direction and approxi- 
mate magnitude of the galvanometer throw should be observed 
(i) when the current is broken, (ii) when the current is made, 
(iii) when the current is reversed, and (iv) when it is reversed 
again. 

The induced current changes its direction at successive 
reversals, while the throw for a reversal is very nearly double 
that for the make or break of the current. 

(б) The Relation between the Induced Effect and the 

Current Reversed in the Primary (Core Non- 
magnetic) 

Since the magnetic field due to a current-carrying solenoid 
without a magnetic core is proportional to the current, we 
should expect the E.M.F. induced in the secondary to be 
proportional to the rate of change of primary current. This 
will be true whether all the lines of force are linked with the 
secondary, as in this case, or not, provided the primary and 
secondary coils are fixed in position. If the change in current 
is made sufficiently quickly, then the galvanometer throw 
should be proportional to it. Setting the current at 0-1, 
<)-2, . . . amp. in succession, the galvanometer throw on 
reversal at each value is observed, the mean being taken of 
several observations. Then plotting the mean throw against 
the current, a straight line will be obtained thus confirming 
the deduction from Faraday’s Law. 
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(c) To Investigate the Effect of an Iron Core 

If an iron core, consisting of a bundle of fine iron wires, 
is inserted in the solenoid, the magnetic field produced will 
be much greater, and with a secondary of 200 turns, the 
galvanometer throw would be very large. A secondary of 
a smaller number of turns (say ten) is therefore used. With 
this change, the last experiment is repeated, using reversal 
of approximately the same currents as before. On plotting 
galvanometer throw against current, it will be noted at once 
that, in this case, the curve is not a straight line, but begins 
to bend towards the axis of current as the current increases. 
This may be explained from the magnetization curve of iron 
which eventually reaches saturation. (See Experiment 20.) 
In order to show the relative effects of air and iron cores, the 
throw which would have been expected with 200 turns on 
the secondary should be calculated by proportion, and then 

the ratio - * r< ? - worked out at each current value 

Throw with air 

used. It will be noticed that this ratio decreases as the current 
increases, i.e. as the iron approaches saturation. 

These experiments have an important bearing on the action 
of a transformer, an air core being used for high-frequency, 
and an iron core for low-frequency alternating currents. 

Experiment 20. Magnetization of Iron — The Hysteresis Loop 

When a bar of iron (or steel) is magnetized by being placed 
in a uniform magnetic field of strength H , it attains an inten- 
sity of magnetization'/ which depends on H in the manner 
shown by the dotted curve in Fig. 28. As H is increased from 
zero, the magnetization rises slowly at first, then much more 
steeply, then more slowly again, and eventually reaches a 
constant or saturation value. If, after reaching saturation, 
the magnetizing field is decreased, the magnetization does 
not return along the dotted curve, but along the line AB> 
there being a considerable intensity of magnetization re- 
maining when H — 0. The lagging of I behind H is called 
hysteresis. If now H is reversed and gradually increased in 
the negative direction, the curve BC is traced out, C corre- 
sponding to saturation in the opposite direction. On in- 
creasing H back to zero and then to its original positive 
value for saturation the curve CD A is followed. Thus, in 
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one cycle of magnetization, the hysteresis loop A BCD A has 
been traced. The shape and size of the loop give important 
information as to the suitability of a magnetic material for 
any particular purpose. The area of the loop is a measure of 
the work which must be done when the material is taken 
through a cycle of magnetization. In the case of the iron core 
of a transformer, the iron is being taken continuously through 
such cycles and the loss of energy due to hysteresis is known 
as the hysteresis loss and forms the greater part of the iron 
loss of the transformer. 

The purpose of the present experiment is to obtain the 
hysteresis loop for a specimen of iron in the form of a bundle 
of wires placed in the solenoid used in the previous experiment, 
and magnetized by passing measured currents through the 
solenoid. The intensity of magnetization is found by mea- 
suring the magnetic field on the axis of the solenoid at a short 
distance from it by the use of a deflexion magnetometer. 
This magnetometer consists of a short compass needle pivoted 
to swing freely in a horizontal plane at the centre of a circular 
scale marked in degrees. The needle carries a very light 
pointer fixed to it at right angles and moving over the divisions 
of the scale. To avoid parallax errors in reading, the base of 
the instrument consists of a mirror in which the reflexion of 
the pointer can be seen. The eye is placed so that the pointer 
covers its reflexion when the reading is taken. The magneto- 
meter is first adjusted (with al other sources of magnetic 
field, such as iron and ammeter, removed) so that it stands on 
the level of the centre of the solenoid and so that its pointer 
reads 0. This latter adjustment is made by rotating the box, 
tapping it gently to overcome any friction on the pivot. If 
each end of the pointer does not read 0, the instrument should 
be set so that its mean reading is 0 and then, in any subsequent 
reading, the mean of the readings at each end is taken as the 
deflexion. When a magnetic field acts (on the compass needle) 
at right angles to the earth’s magnetic field, the needle is 
deflected until it remains in equilibrium under the action of 
the two fields. When this is the case, the deflecting field is 
proportional to the tangent of the angle of deflexion 0. This 
deflecting field is to be that due to the magnetized iron and 
is proportional to the intensity of magnetization. Thus I 
is proportional to tan 6 . 

As the solenoid without its iron core will give a magnetic 
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field when a current passes through it, it is necessary to 
compensate for the field due to the solenoid by placing a 
small coil C of 100 to 200 turns on the side of the magneto- 
meter opposite to the solenoid, arranging it to carry the same 
current as the solenoid, and placing it in a proper position 
for compensation before inserting the iron core. The leads 
connecting C to the solenoid should be of twin flex to avoid 
stray magnetic fields. The circuit is set up as shown in Fig. 
27, the axis of the solenoid being along the 0-0 line of the 



magnetometer, which should stand about 8 to 10 inches 
from the end of the solenoid. Care should be taken to keep 
the ammeter (0-0-5 amp.) and the rheostat well away from 
the magnetometer. The current is supplied by a 4- volt battery 
and may be reversed in solenoid and coil by the switch k. 

A rheostat of 60 il will probably be found to be suitable. 
After setting up the apparatus as described, with the core 
removed, a current of 0-5 amp. is switched on and C is ad- 
justed to a position (at which it must be fixed) at which the 
magnetometer pointer reads zero. It may be necessary to 
reverse the connections to C in order to obtain compensation. 
Switching off, the iron is inserted in the solenoid and com- 
mencing with a small current, the current is gradually in- 
creased until it is apparent, from the deflexion of the magneto- 
meter, that saturation has been reached. Before making any 
further observations, the iron should be taken round the 
hysteresis cycle several times, so that its initial magnetic 
condition for the main experiment is definite. This is done 
by switching off, then reversing the current to give saturation 
in the opposite direction, then switching off, and finally 
reversing again to restore the current to its original value. 
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After several such cycles have been traversed, the main 
experiment may be commenced. It is important to note 
that, in changing the value of the current when traversing 
the cycle, there must be no retracing of steps to obtain a 
precise setting of the current ; attempts should be made to 
proceed from any one of the current values given below to 



the next by a single movement of the rheostat slider. At 
each step the current is read on the ammeter, together with the 
pointer readings on the magnetometer. The cycle of observa- 
tions is as follows, commencing with saturation in one direction 
which should occur when the current is 0-5 a'mp. with the 
solenoid described. 

(а) Current decreasing (AB on graph). Observations of 
deflexion are taken at currents of 05, 0-3, 0-2, and 0*1 amp., 
and, by opening the switch, at no current. 

(б) Current increasing in opposite direction (BC on graph). 
The switch is closed in the reverse direction and observations 
are taken at 0*1, 0*2, 0*3, and 0.5 amp. 

(c)* Current decreasing (CD on graph). The current is 
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reduced in the same approximate steps, viz. to 0-3, 0*2, and 
0*1 amp., readings of deflexion bping taken at each. The 
switch is opened and an observation taken at no current. 

(d) Current increasing (DA on graph). The switch is closed 
in the original direction and readings are taken at 0-1, 0*2, 
0*3, and 0*5 amp., thus completing the cycle. 

From the tabulated readings of current and mean deflexion 
at each current, the tangents of the angles being taken, the 
hysteresis curve may be drawn by plotting tan 6 as ordinate 
against the magnetizing current (to which the magnetizing 
field is proportional) as, abscissa. 

The small area of the loop, due to its steep vertical sides, 
should be noted, this being a characteristic of soft iron. If 
desired, a similar experiment may be carried out with mild 
steel, when the loop will be found to be larger, but will not 
reach such a high saturation value. 

Experiment 21. The Force on a Conductor Carrying a Current 
in a Magnetic Field 

When a conductor carrying a current is placed in a magnetic 
field so that the direction of the current is at right angles to 
the direction of the field, there is a force acting on the con- 
ductor in a direction which is at right angles to both field and 
current. By Fleming’s left-hand rule, if the first two fingers 
and the thumb of the left hand are extended so as to be 
mutually at right angles, with the first finger in the direction 
of the field, and the second finger in the direction of the 
current, then the thumb points in the direction of the force 
and gives the direction of motion if the conductor is free to 
move. This force i£ proportional to (a) the current, (b) the 
intensity of magnetic field, and (r) the length of the conductor. 

These results have important applications in the moving- 
coil instrument and in the electric motor. The purpose of the 
experiment is to show that the force is proportional to the 
current when the field is constant by the use of a motor. A 
shunt-wound motor with external terminals for field and 
armature is required for this purpose. It has its armature 
circuit and its field circuit in parallel across the D.C. mains 
(or other D.C. supply suitable for the particular machine) as 
shown in Fig. 29 (a). The armature A is in series with the 
motor starter, an added rheostat of 500 Q, and an ammeter 
A x ( 0-5). 
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The field coils F may also have a rheostat of 1000 Q and an 
ammeter ^4 2 (0-l) in series with them. On the end of the 
spindle should be fixed a pulley 3 in.-4 in. in diameter, and 
wide enough to carry a small belt to which weights are to be 
attached. The purpose of this loading is bo apply a tangential 
force to the pulley to oppose the tangential force due to the 
rotation of the armature. 

Before. fitting up the circuit, it is advantageous to examine 
the construction of the motor and to make sure that the D.C. 



(a) (b) 

Fig. 29. (a) Shunt-wound Motor Circuits; (6) Arrangement 
of Pulley Loading 


supply is suitable for it. The values suggested for resistances 
and load may require considerable modification to suit a 
particular case. 

Having connected up the circuit and set the field rheostat 
at its maximum value, the motor is started and the direction 
of rotation noted. The armature current is also observed, 
this being the current on no load. Switching off the current, 
a belt is arranged to hang over the pulley as shown in Fig. 29 
(6), with a spring balance (0-5 kg.) hanging vertically and 
anchored to a heavy weight standing on the bench and with 
a 2-kg. weight hanging on the free end of the belt. When 
this arrangement has been set up, the 2-kg. weight is lifted, 
the motor restarted so that it takes the same no-load current, 
and then the weight is carefully applied to the belt over the 
pulley. The motor should not be started with the load on; 
the load should be applied as described. When the motor has 
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settled down, the armature current and the reading of the 
spring balance are observed. 

The tangential force which has been applied is the hanging 
weight minus the spring balance reading and this is the 
tangential force which has been produced at the pulley by 
the increase in armature current. Similar measurements are 
now carried out with varying loads from 1 to 5 kg., care being 
taken that the armature current does not exceed about 
1*5 amps. By plotting increase in armature current over its 
no-load value against tangential force, a straight line should 
be obtained, showing, that the force on the conductors of the 
armature is proportional to the current. In these measure- 
ments it is essential to see that the field current remains 
constant. 



CHAPTER III 


MEASURING INSTRUMENTS : AMMETERS, VOLTMETERS, 
AND OHMMETERS 

Instruments are used in almost every circuit and it is, 
therefore, most desirable that the principles of their construc- 
tion and the range of their' application should be understood. 
Time given to examining the instruments mentioned in this 
chapter may be considered to be* well spent. 

The chief consideration, apart from range of current or 
voltage to be measured, is whether the measurement is of 
D.C. or A.C. The instrument which is invariably used for 
the former is the moving-coil instrument. Modern practice 
shows a tendency to use this instrument also, when suitably 
modified, for measuring A.C., particularly at high frequencies. 

There are, however, other types of instrument for measuring 
A.C. at lower frequencies and these will also be considered 
from the practical point of view. 

Experiment 22. Conversion of a Moving-coil Instrument into 
an Ammeter and into a Voltmeter (D.C.) 

The essential parts of a moving-coil instrument should first 
be examined using an instrument with a glass front . They are : 
(i) a pivoted coil, which, when a current passes through it, 
moves round in the annular space between (ii) the hollowed 
pole pieces of a permanent magnet and (iii) a soft-iron core 
fixed centrally between the poles; the current produces a 
torque which turns the coil until it is balanced by the torque 
in (iv) the control springs of spiral shape, which also serve 
as leads for the current ; (v) a very light pointer attached to 
the coil moves over (vi) a uniform scale. 

Such an instrument may be converted into an ammeter 
of larger range by the addition of a shunt (a low resistance in 
parallel with the coil) or into a voltmeter by the addition of 
a resistance in series (sometimes called a multiplier). Before 
the resistances required for any particular range can be calcu- 
lated, it is necessary to know the resistance of the coil and 
the current sensitivity of the instrument (or current for full- 
scale deflexion). It is assumed that the resistance O of the 
instrument is known. 
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(a) To Determine the Current for a known Deflexion 
(say 10 Divisions) 

A small moving-coil galvanometer of resistance G is con- 
nected across a shunt S = 1 Q which is in series with a resis- 
tance box R and a 2-volt cell. Setting R = 10,000 fl, the 
current is switched on after the zero reading has been taken, 
and R is adjusted until a deflexion of 10 divisions is reached. 
Since R is large, $ is neglected in comparison when calculating 



2V 


Fig. 30. To Determine the Current Sensitivity of a 
Moving-coil Instrument 


the main current, which is therefore 2/R amps. Of this current 
a fraction — r r , or in this case, passes through G. 

(r -f- tS (r -f- 1 

Hence, calculating this fraction of 2/R gives the current 
through G for 10 div. deflexion. 

As an example of this calculation, the following results were 
obtained in an experiment : G = 45 Q, S — 1 Q, R for 10 div. = 
1320 £2. Hence the current through G for 10 divisions deflexion is 

Ig = 46 X 1320 = 307360 = 3 29 X 10 * amp ' = 32 9 ,tA 


(b) To Convert the above Instrument into a Milli- 
ammeter of Range 0-10 mA for 10 Divisions 
It is now required to calculate the shunt S which will give 
10 divisions deflexion of G when the main current is 10 mA 


as shown in Fig. 31 (a). The main current divides into 
(= 32-9 jbtA or 0*033 mA) through G and I 8 (= 10 — 0*033 
— 9*97 mA) through S. The voltage between X and Y is 


G x If, or S X I s and therefore = 
s = °^ 33 x 45 = 0 149 Q. 


L 

Is 


giving, in this case, 
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The resistance nearest to this which may be obtained from 
a subdivided 0-1 £2 box will probably be 0*15 £2, or, alterna- 
tively, a piece of No. 22 eureka wire whose resistance per 
metre is known may be cut to give this value of S. Using 
the circuit of Fig. 30, connecting this shunt to the instrument 
and including a milliammeter of 0-20 mA range in the circuit, 
the value of R is adjusted until the instrument deflexion is 
10 divisions, when it may be confirmed from the milliammeter 



(a) 



R 


Fig. 31. (a) Conversion to Milliammeter; (6) Conversion 
to Voltmeter 


reading (which is assumed to be accurate) that the main 
current is 10 mA. If there is any difference, the shunt will 
require a very small adjustment. 

(c) To Convert the Galvanometer into a Voltmeter of 
Range 0-2 Volts (for 10 Divisions) 

For this purpose a high resistance R is required in series 
as shown in Fig. 31 (6). To calculate R , the current through 
G when a 2-volt cell is connected across X and Y is to be 
32*9 (i A. Hence, the total resistance of the circuit is, by 
Ohm’s Law, 

Jt + g " 32i.xl0^ = 60 - 800n 

Hence, R = 60,800 — 45 = 60,750 £2 approximately. Taking 
two wireless resistors, oile of 60,000 £2 and one of 750 £2 ip 
series, this resistance may be obtained and connected in 
series with the instrument. Connecting a 2- volt cell to the 
voltmeter so constructed, it will be seen that a deflexion of 



MEASURING INSTRUMENTS 47 

10 divisions is obtained. The voltmeter should then be used 
to measure the E.M.F. of a dry cell. 

Experiment 23. Examination of Various Types of Instrument 

If the front covers of the instruments have to be removed 
in order to examine the construction, care should be taken 
not to damage the movements or other parts by touching 
them. The covers should be replaced immediately the exam- 
ination is completed, in order to prevent dust, etc., from 
collecting inside the case. 

Diagrams of the essential components of each instrument 
should be drawn accompanied by a statement of the types of 
current (or voltage) for which it may be used. 

(a) Moving-coil Ammeter or Voltmeter 

A description of these instruments has been given in the 
last experiment. Their scales are uniformly divided and they 
are used without modification only for D.C. 

(/;) Moving-iron Ammeter or Voltmeter 

This instrument contains a fixed coil into which a piece 
of soft iron suitably pivoted and provided with a pointer and 
spring control is attracted. The motion is damped by a 
vane moving in a metal box with very. small clearance, so 
that the pointer comes\rapidly to rest with very little oscilla- 
tion. As the attraction does not depend on the direction of 
the current, the instrument can be used for A.C. of low 
frequency as well as for D.C. The scale is not uniformly 
divided, the divisions near zero being usually very cramped. 

Another type of moving-iron instrument is the repulsion 
type. In this, two pieces of soft iron are magnetized by the 
current through the coil, one being fixed and the other pivoted. 
Repulsion takes place between like poles induced in the iron. 

(c) The Hot-wire Ammeter or Voltmeter 

The current, or a portion of it, passes through a horizontal 
wire which is stretched between terminals and kept taut 
by a light spring which exerts a pull vertically on the centre 
of the wire. The heating effect of the current causes the 
wire to expand and sag. A simple lever system operates a 
pointer attached to a small wheel and magnifies the sag. 
In these instruments, eddy current damping is often employed, 



48 


FUNDAMENTAL PRINCIPLES OF RADIO 


a small aluminium vane which is attached to the pointer 
moving between the poles of a small permanent magnet of 
such a shape that the poles are close together and thus provide 
a strong field. The heating effect of the current is proportional 
to the square of the current and therefore the instrument can 
be used for A.C. as well as D.C. Great care is necessary in 
using hot-wire and thermo-ammeters to ensure that the 
current is well within the range of the instrument. An overload 
for even a short instant of time will fuse the wire and render 
the instrument useless. 

(d) The Electrostatic Voltmeter 

A number of light vanes fixed to an axis are susper ded or 
pivoted so that they may move between a number of fixed 
plates without touching, in the manner of a variable air 
condenser. 

When a potential difference exists between the fixed and 
moving plates, there is a force of attraction, which depends 
on the square of the voltage, and the moving plated rotate 
until the torque due to the electrostatic attraction is balanced 
by that of the suspension or control spring. The instrument 
may be used for alternating voltage as well as for direct 
voltage, and has the important advantage that it takes no 
current with direct voltages, and an inappreciable current 
with alternating voltages. 

The instruments listed above as suitable for A.C. measure- 
ments, together with the thermo-ammeter, which is the subject 
of the two following experiments, are calibrated for A.C. by 
using known direct currents or voltages. Their readings thus 
indicate the value of the direct current or voltage which 
would give the same effect as the alternating current or 
voltage measured. This is the effective, or R.M.S. value of 
the A.C. 

Experiment 24. The Thermo-electric Couple 

If two wires of different metals are connected together to 
form a closed circuit and one of the junctions is heated while 
the other remains cold, a thermo-E.M.F. is set up and a 
current will flow, as may be shown by inserting a galvano- 
meter in the circuit. Two common metals for this purpose 
are copper and eureka, in which case the E.M.P. produced 
is very nearly proportional to the difference between the 
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temperatures of the two junctions if this temperature difference 
is not too large. The value of the E.M.F. is quite small, being 
about 50 microvolts per 0 C., but it is sufficient to give a 
means of measuring alternating currents at all frequencies, 
including radio frequencies, by using a thermocouple to 
measure the beating effect in a wire carrying the current. 

( a ) To Obtain a Thermo-electric Current and to 
Measure t^he Thermo-E.M.F. per Degree Difference 
of Temperature between the Two Junctions 

The arrangement shown in Fig. 32 is set up. Two wires of 



Fig. 32 . Measurement of Thermo. E.M.F. 


copper and one of eureka are taken, their ends are cleaned 
and then soldered to make two junctions as shown, the free 
copper leads being connected to a galvanometer. It will be 
advantageous if the galvanometer is that used in Experiment 
22, in which its sensitivity was determined. The two junctions 
are placed in two beakers, one containing melting ice (0° C.) 
or cold water, and the other water which may be heated to 
various temperatures as indicated by a thermometer held in 
the water. If ice is not available, the temperature of the 
cold junction must also be measured by a thermometer. A 
screen is placed between the cold beaker and the bunsen to 
prevent the former from gaining heat by radiation. 

The zero of the galvanometer is found by immersing both 
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junctions in the cold bath. Then, placing one junction in 
the water to be heated, its temperature is raised in steps, say, 
to about 20° C., 35° C., 50° C., and, 70° C., and, at each tem- 
perature, the galvanometer deflexion and the temperatures 
of hot and of cold junctions are observed. A table is drawn 
up showing the difference in temperature and the correspond- 
ing deflexion. 

In Order to deduce the thermo-E.M.F. at the galvanometer 
terminals, it is necessary to calibrate the galvanometer and 
to know its resistance. The calibration is carried out exactly 
as described in Experiment 22 (a), using the circuit of Fig. 
30. If I g microamps are required to give a deflexion of D 

divisions, then the current per division is £ microamps, and 


if the resistance of the instrument is O ohms., the p.d. at 

I x G 

the terminals per division deflexion is — microvolts. 


Using this factor, the deflexions observed with the thermo- 
couple may be converted to microvolts, and then the thermo- 
E.M.F. per ° C. difference of temperature can easily be calcu- 
lated for each of the temperature differences used. In the 
above calculation, it is assumed that the resistance of the 
couple is negligible. 


Experiment 25. Construction of a Simple Thermo-ammeter 

A small board with two terminals H (for heater) and two 
marked G (for galvanometer) is useful for this purpose. A 
heater coil C is made by winding 8 in-10 in. of No. 22 S.W.G. 
ni chrome wire into a coil of some 10 turns of \ in. diameter 
and connected to the terminals H. This coil is to be heated 
by a current from a 6-volt battery with a rheostat (20 Q) 
and a moving-iron ammeter (0-1) in series. A thermocouple 
is also made by cleaning and twisting tightly together the 
ends of two pieces of nichrome and eureka wires. The free 
ends are joined to the terminals G and the thermocouple is 
inserted into the centre of the coil without touching it. A 
galvanometer is connected to the terminals G by copper 
wires. When a current is passed through (7, the thermo- 
junction becomes heated, giving a thermo-electric current 
through G , whose deflexion can therefore be related to the 
current in C. 
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Having set up the arrangement shown in Fig. 33, the thermo- 
ammeter should then be calibrated by passing various currents 
between 0 and 1 amp. (as measured by the moving-iron 
ammeter) through C. At each current, time is allowed for 1 
the galvanometer reading to become steady, the coil being 
shielded from draughts. A curve may be drawn relating 
deflexion to current. 

As the heating effect is proportional to the square of the 
current, the direction of deflexion will be independent of the 
direction of the current in C . 

This should be checkecj'by re- . f || | 

versing the current. It is this | 
fact which makes it possible 
to use such an instrument for 
measuring alternating current. 

A further experiment should 
now be carried out using alter- 
nating current to heat the coil. 

An A.C. mains transformer 
having a 4-volt secondary 
should be used. The 4-volt 
secondary is connected in 
place of the battery of Fig. 33, 
the primary of the transformer being connected to the A.C- 
mains. The R.M.S. value of the current will be recorded by 
the moving-iron ammeter and may be adjusted by the rheostat 
to values between 0 and 1 amp., say 0*2, 0-5, and 0*7 amp. 
The galvanometer deflexions are read and it will be seen, by 
reference to the D.C. calibration, that they are, within experi- 
mental error, the same as for these values of direct current. 

In thermo-ammeters designed to measure alternating 
current at radio frequencies, the heater wire and the thermo- 
couple are very often sealed into a glass tube from which the 
air has been evacuated. This renders the calibration more 
stable and prevents contamination or oxidation of the metals. 



Fia. 33. Simple Thermo- 
ammeter 


Experiment 26. Multi-range Instruments : Ohmmeters 

For many measurements in radio circuits, it is convenient 
to have one instrument which, by means of switches, can 
be used for measuring milliamperes, amperes, volts, etc., 
either D.C. or A.C., and of various ranges, as desired. Such 
instruments are of the moving-coil type in which suitable 
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shunts and series resistances are switched in for each range 
and in which alternating currents and voltages are measured 
by the use of small metal rectifiers. An instrument of this 
kind can, of course, be used only for one purpose at any one 
time, but its usefulness will be apparent if, for example, it 
is desired to measure the voltage of a H.T. battery and then 



Plate I. Universal Avominor 
(By courtesy of the Manufacturers) 

proceed to measure the current through a valve or the resis- 
tance of a component of the circuit without recourse to any 
other instrument. It should be regarded as a testing instru- 
ment rather than as a standard instrument. 

There are usually several scales, the one on which the 
reading is to be made depending on the range and on the 
type of measurement being made. The measurement of 
alternating current or voltage is confined to low frequencies. 
Three instruments of the multi-range type in common use 
will be considered. Their internal circuits are too complicated 
to be given here, and it is unnecessary to know them, except 
when measuring a resistance as indicated below, where the 
principle of the method is described. Instructions for use are 
supplied with each instrument and should be carefully followed. 

A small and very useful instrument of this kind is the 
Avominor, shown in Plate I. It provides for the measurement 
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of : (i) voltages up to 500 volts, both D.C. and A.C., (ii) D.C. 
milliamps. up to 500 mA, and (iii) resistances up to 20,000 £2, 
using an internal battery and up to 10 megohms with an 
external battery. On the voltage ranges it has a resistance 
of about 400 £1 per volt. Unless an external shunt of known 
value is used, the instrument cannot be used for direct current 
above | amp., or for the measurement of alternating current. 

The method* of using the instrument as hn ohmmeter is 
shown in Fig. 34, in which X is the resistance (up to 20,000 £2) 
under test. An internal battery of 
1*5 volts supplies current, which is 
adjustable by the variable rheostat 
P in the instrument, to a circuit 
consisting of a small resistance r, 
across which is the moving coil 
with a fixed resistance in series 
such that the resistance of the 
galvanometer circuit is about 400 £2, 
not including X. 

On inserting plugs into the two 
sockets shown, the dry-cell circuit 
is completed and then, on connect- 
ing the leads from the plugs to a 
resistance or shorting them, the 
galvanometer circuit is completed. 

If the leads are shorted so that the 
resistance between them = 0, the pointer of the instrument 
moves over to nearly full deflexion, and the rheostat P is 
adjusted until the reading is 0 on the ohms scale. The voltage 
drop across r is now 1 volt and it remains sufficiently near 
1 volt when X is included in the galvanometer circuit, the 



Fig. 34. Measurement of 
Resistance i¥y Ohmmeter 
(Avominor) 


1000 

current through 0 being therefore -- — - — ^ mA instead of 

1000 ^ * A 

~ A - = 2-5 mA required for full-scale deflexion. Thus X 

400 


could be calculated from the current readings, buUthe'direct 
reading in ohms can be made on the ohms scale, which reads 
from 0 at full-scale deflexion, and which, it should be noted, 
is not uniformly divided. The adjustments to measure X 
are therefore: (i) turn switch to “Ohms”; (ii) short the 
leads and adjust the rheostat to bring the ohms scale reading 
to 0 ; (iii) join the leads to X } the resistance under test, and 
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read X on the ohms scale. No attempt must be made to 
measure X while current from an external source is flowing 
in it. Suitable resistances to measure are a 10 or 100 Q coil 
from a resistance box (thus checking the instrument), a njetal 
filament lamp, a 0-5 voltmeter, and various wireless resistors 
ranging from 2000 to 15,000 Q. 

The above description applies in principle to any universal 
instrument and the method is the same, although the number 
of ranges served may be greater. 

Two other universal instruments which are very widely 
used are the Avometer and the Taylormeter. An Avometer 
Model 7, and a Taylormeter Model 83 are shown in Plates 
II and III. 

The former Jhas a large number bf ranges and serves to 
measure both direct and alternating current and voltage, 
capacitance, power, and power ratio (decibels), as well as 
resistance, there being suitable scales for these purposes. 
The resistance on the voltage ranges is about 500 Q per volt. 
•The range desired is selected by two dials on the face of the 
instrument, one being for D.C. and the other for A.C. An 
important feature is the cut-out, which operates on a small 
accidental overload, thus protecting the instrument. It is 
not intended to act as a protection against serious overloading 
and care should be taken in choosing the range to be used, 
always selecting a higher range to begin with if in doubt. 
The leads are provided with alligator clips or with prods, the 
latter being used for testing at less easily accessible points 
in a circuit. 

The Taylormeter is a similar instrument, although the 
arrangement of switching and range setting is rather different. 
There is no cut-out, but the instrument has the advantage 
of a very high resistance on the voltage ranges, approximating 
to 4000 fi per volt in the model shown, and 1000 fl per volt in 
another more compact model (No. 90). 

In this instrument the ranges available are somewhat 
different from those of the Avometer, so that for certain 
purposes one instrument might be chosen in preference to 
the other. It should be noted that multi-range instruments 
are not usually designed for continuous loading and their 
internal resistances are liable to be seriously overheated or 
even burnt out if they are used under such conditions. 

A complete description of these instruments cannot be 
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given in this book. Their various uses are described in the 
instructions issued with the instruments, and which should be 
carefully followed. 



\ 



Plate II. Avometer Model 7 
{By courtesy of the Manufacturers) 


The measurement of resistance over all ranges using an 
Avometer or a Taylormeter is an experiment which should 
be carried out after a general inspection of the instrument. 
The following is a description of these measurements with an 

3 — (T.275) 
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Plate III. Taylormeter Model 83 
(By courtesy of the Manufacturers) 
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Avometer. This instrument covers the ranges 10,000 £l> 
100,000 jQ, and 1 megohm, using internal batteries (a single 
dry cell for the first two and a 9- volt dry battery for the last), 
and 10 megohms and 40 megohms using an external source 
(H.T. battery or D.C. mains). On the face of the instrument 
are knobs R , P, and Q which control internal rheostats for 
the zero ohms adjustment. 

(a) For the first two ranges mentioned, selected by the dial 
switch, the leads are shorted and the reading brought to 0 
on the ohms scale by the use of knobs P and R as described 
on the base plate of the instrument. The leads are then 
connected to the resistance under test and its value read from 
the scale. On the 1 -megohm range the zero setting is made 
by lifting knob Q to its upper stop and rotating it in a clock- 
wise direction. At the conclusion of the measurements, this 
knob must be restored to its original position. 

Measurements should be made of the resistance of a number 
of coils, wireless resistances; grid leaks, etc., and their resis- 
tances compared with the nominal values. 

(b) Before using the two highest ranges, it should be ascer- 
tained that the lower resistance ranges are inadequate. Then, 
setting the D.C. switch on the 100- volt range, the knob Q is 
raised to its upper stop and an external battery (80-120 volts) 
is connected to the instrument. Q is rotated until the z^o on 
the ohms scale is indicated and then the resistance X is con- 
nected in series with battery and instrument. X is found by 
multiplying the scale reading by 1000. The insulation resis- 
tance of a waxed paper condenser is suitable for this test. 
For resistances in the 40-megohm range, the 400- volt switch 
position is used and the supply voltage must lie between 
250 and 1000 volts. 

In using ohmmeters having several resistance ranges, it is 
a good practice to use a higher resistance range than that 
which will just cover the resistance to be measured, as then 
a larger deflexion will be obtained, giving a better jading. 



CHAPTER IV 

CONDENSERS 

A condenser consists essentially of two metal plates, insu- 
lated from each other and separated by a dielectric, which 
may be air, mica, paraffin wax, etc. If a charge + Q is given 
to one plate, the other plate being earthed, a charge — Q 
appears on the earthed plate and there is a difference of 
potential V between the plates. The capacitance C of such 
a condenser is defined as the ratio of charge on one plate to 
the potential difference between the plates. This is a constant 
for a given condenser since the potential difference is directly 
proportional to the charge. Thus C = Q/V. If Q is expressed 
in coulombs and V in volts , then C is expressed in farads. A 
capacitance of 1 farad is so large, however, that for practical 
purposes 1 microfarad (fiF) (10~ 6 farad) is taken as the unit. 
This will be the capacitance of a condenser in which there is 
a difference of potential of 1 volt for a charge of 1 micro- 
coulomb. 

The value of C depends on the area of the plates, the dielec- 
tric constant of the medium between them and the distance 
aparHof the plates. For a parallel plate condenser, to which 
most practical cases approximate very closely, it is directly 
proportional to the area and the dielectric constant and is 
inversely proportional to the distance apart. Standard con- 
densers are usually constructed with mica (or air for smaller 
values) as the dielectric. 

If two condensers are joined in parallel , their joint capaci- 
tance is the sum of the individual capacitances, i.e. C = C x + C 2 . 

If they are joined in series , then the joint capacitance C is 
given by the relation 

I-JL + lorC- 

C 2 ° T ^~C 1 + C 2 

Experiment 27. Measurement of Capacitance by Comparison 
with a Standard 

When the condensers are of about the same value (say, 
1 ^uF), the method adopted is to charge each separately to 
the same potential difference and to compare their charges 
by the kicks of a suitable galvanometer through which the 
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condensers are discharged. Provided the discharge takes place 
very quickly, the kick of the galvanometer is proportional 
to the charge. Also, the charge for the same voltage is propor- 
tional to the capacitance and, therefore, if C x and C 2 are the 
capacitances of the condensers giving kicks d x and d 2 , we have 


Ci 

C 2 


X or C^=C 2 


X 


di 


from which C x may be calculated if C 2 is known. The circuit 
is shown in Fig. 35. One 
terminal of the condenser C x is 
connected to the centre termi- 
nal of a double-throw switch S , 
which must have good insula- 
tion (porcelain or ebonite). The 
other terminals of S -are con- 
nected to a 2-volt cell and the 
galvanometer as shown. Across 
the galvanometer terminals is 
a tapping key k to be used 
for the purpose of bringing the 
galvanometer quickly to rest after a throw by depressing it 
for a few seconds, k must be open for the main experiment. 

The condenser is charged for about 5 secs, by turning S 
over to the battery connexion. The zero of the galvanometer 
is observed and then S is tinned over immediately to the 
right and \>he first throw of the galvanometer observed. d x is 
obtained as the mean of several such observations. Then 
C x is replaced by C 2 (whose capacitance is known) and the 
procedure repeated to obtain d 2 . The value of C x is then 
calculated as shown above. If the throws are small, the 
battery should be increased to 6 or 10 volts until reasonably 
large throws are obtained. 

If the condensers to be compared are such that one (say 
C x ) has. ten times the capacitance of the other, a better plan 
is to use different voltages (of known values) for each, and 
to adjust the voltages so that the throws are approximately 
the same. If C x is charged to V x giving a throw d x while C 2) 
charged to V 2 , gives d 2 (nearly equal to d x ), then 



Fig. 35 . Measurement of 
Capacitance by Comparison 


C,V, d, „ „ d, V 
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In the case mentioned where C 1 = lOC^, then C x might be 
charged to 1*5 volts and C 2 to 15 volts from a grid-bias battery, 
the actual voltages being measured by a voltmeter. 

Experiment 28. Condensers in Parallel and in Series 

The laws for condensers in parallel and in series given in 
the first part of this chapter may be confirmed by measure- 
ments made in a manner similar to that of the previous 
experiment. 

The' galvanometer throws when C x and C 2 are separately 
discharged after charging to the same voltage are known. 

C 1 and C 2 are then connected in 
parallel and used as one con- 
denser again charged to the same 
voltage. It will be found that the 
galvanometer throw is now d x + d 2 
within experimental error, thus 
confirming C = C x + C 2 . 

Secondly, the condensers are 
joined in series and the mean 
value of the throw in this case is 
determined. Let it be d. Then 
the joint capacitance C is calcu- 
lated from C = 6*2 X % Also, C x 
d 2 

and C 2 are known and therefore the value of C may also be 
calculated from C — C 1 CJ(C 1 + C 2 ) and compared with that 
determined experimentally. 

A further instructive experiment may be made with con- 
densers in series if two condensers whose capacitances are 
unequal are used, suitable values being 1 fiF and 2 fiF. The 
circuit shown in Fig. 36 is set up. When 8 is closed to the 
left the condensers are charged in series by the battery (6 
volts). On turning S to the right, the 1 fiF condenser only 
is discharged through G. The throw is observed. After dis- 
charging the 2 fiF condenser by connecting its terminals for 
a moment, the positions of the condensers are interchanged 
and the experiment repeated, thus measuring the charge on 
the 2 fiF condenser. It will be found that the throws are the 
same in each case, so that condensers charged in series receive 
equal charges. Therefore, since Q = CV, the voltage across 
the 1 /iF condenser is twice that across the 2 fiF condenser. 



Fig. 36 . Condensers in 
Series 
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Experiment 29. Discharge o i a Condenser through a Resistance 

When a resistance R is connected across the terminals of 
a charged condenser, a current flows through R , thus dis- 
charging the condenser. This current is equal to V/R where 
V is the instantaneous voltage between the condenser plates. 
Since V is continually falling as the discharge proceeds, the 
current also falls in value with time, which means that the 
charge Q diminishes more and more slowly with time in the 
manner shown in Fig. 37. The rate at which this loss of 
charge occurs depends on the capacitance C and the resistance 



Fig. 37 . Discharge of a Condenser through a Resistance 

R and it is measured in terms of the product C X R which is 
called the time constant of the circuit. It gives the time for 

the charge to fall to . j- (or 0*368) of its initial value. 

If C is expressed in farads and R in ohms , then CR is in 
seconds . As an illustration of the values to be expected, let 
C = 2 /uF and R — 10 MSI, then the time constant = 2 
X 10“ 6 X 10 X 10 6 = 20 seconds. 

(a) To Obtain the Discharge Curve of a Condenser 
and Measure the Time Constant 

The circuit of Fig. 35 is set up using a 2 /a F condenser with 
a resistance of about 5 megohms connected across its terminals. 
The battery voltage should be such that a galvanometer 
throw almost to the end of the scale is obtained when the 
condenser alone is used. First, the resistance is disconnected 
at the end joined to S , the condenser is charged and then 
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discharged through the galvanometer, the mean of several 
throws being taken. As explained earlier, the throw is pro- 
portional to Q. Secondly, R is reconnected, the condenser 
is charged and then S is opened for 2 seconds (measured on a 
stop-clock), at the end of which period the coildenser is dis- 
charged through Cr, the throw giving a measure of the charge 
remaining on C. The observations should be made several 
times and the mean taken. This procedure is repeated for 
leak periods of 4, 6, 8 . . . seconds until the charge remain- 
ing is less than one quarter of the original charge. 

A curve may now be drawn similar to that shown in Fig. 
37, with galvanometer throws on the vertical axis and time 
of leak in seconds on the horizontal axis. On this graph the 
time taken for the throw to be reduced to 0*368 of the initial 
throw should be marked and read off. This is the time con- 
stant. Its value may be compared with the value of CR. 

(b) To Measure the Insulation Resistance of a Con- 
denser 

Using a similar method, but with the 5 M 12 resistance 
removed, the condenser is charged and then allowed to leak 
on its own insulation. Owing to the much higher value of the 
leak resistance (provided the condenser is reasonably good), 
longer times of leak will be necessary, say 30 seconds, 1 minute, 
2 minutes .... The periods of leak must be chosen so 
that the discharge curve does not come out too steep or too 
flat. As before, the time constant in seconds is found from 
the graph. Then knowing C, the value of R can be calculated. 
It will be several hundred megohms if the condenser is good. 

In radio circuits very much smaller time constants than 
those measured here are used. In the case of a grid-detector 
circuit using a grid condenser of 0*0003 ^F and a grid leak 
of 2 M 12, the time constant is 0*0003 X 10“ 6 X 2 X 10 e = 
0*0006 second. 



CHAPTER V 


ALTERNATING CURRENT MEASUREMENTS AT 
LOW FREQUENCIES 

Alternating current theory is essential for the understanding 
of the working of almost every radio circuit. The experimental 
wprk described in this chapter is designed to illustrate the 
fundamental principles of A.C. theory, the measurements 
being made at low frequencies in order to avoid the difficulties 
which are peculiar to measurements at radio frequencies. 
R.M.S. values of current and voltage are used throughout. 

Experiment 30. The Impedance, Inductive Reactance, and 
Resistance of a Coil 

When an alternating current I passes through an inductive 
coil, the opposition to the current is expressed by the im- 
pedance Z , which is defined as the ratio of A.C. volts across 
the coil to /, the current through it, or Z = V //. The im- 
pedance of any circuit to A.C. consists of two parts, the 
resistance R and the reactance X, and these are related to Z 
by the equation Z 2 = R 2 + X 2 . In the case of a coil whose 
inductance is L, the reactance X L is equal to coL , or 2nfL 
where / = the frequency. If V is expressed in volts and I 
in amperes, then Z , R, and X are in ohms. 

In the above statement, R is the resistive component of 
the coil and may differ from the D.C. resistance. At low 
frequencies, however, and in the absence of an iron core, 
the difference is inappreciable. 

A suitable coil for this experiment is one of 500 to 1000 
turns, with a resistance of 10 to 30 11 and an inductance of 
about 0-1 henry. It should be capable of carrying currents 
up to 1 amp. 

(a) The resistance R of the coil is determined by D.C. It 
is placed in series with a moving-iron or thermo-ammeter 
(0-1) and a rheostat (50 Q) set at maximum value to begin 
with, and connected to a battery of 12 volts. 

Across the coil is connected a universal meter (Avometer 
or Taylormeter) set on a suitable D.C. voltage range. The 
current through the coil is adjusted to 0*4, 0*5, 0*6, 0*7 amp. 
in turn and the corresponding voltage measured. Then the 
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ratio V/I is worked out for each value, and the mean gives 
the resistance R. 

(6) The impedance Z is determined by sending an alter- 
nating current through the coil and measuring the A.C. 
voltage across it. The circuit is shown in Fig. 38, T being 
a transformer on the 50 c/s A.C. mains, giving a supply at 
about 30 volts. A Variac *' transformer, in which this voltage 


AC. Mains, 
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Fig. 38. To Measure the Impedance of an Inductive Coil 

is continuously adjustable, may be used in place of a trans- 
former of fixed ratio, if available. 

The voltmeter is switched to the 100- volt A.C. range, and, 
starting with maximum resistance in the rheostat, the current 
is adjusted to 0*4, 0*5, 0-6, 0*7 amp. in succession. At each 
value of current the A.C. voltage across the coil is read. 
Working out V/I for each value, the mean gives the impe- 
dance Z. 

(c) The reactance X L and the inductance L may now be 
calculated from the measured values of Z and R. The react- 
ance is given by X L ~ VZ 2 — R 2 and the inductance ' by 
L — X l I2tt X 50, since / = 50 c/s. L will be in henrys if 
X L is in ohms. 

Experiment 31. Variation of Impedance of an Inductive Coil 
with Frequency 

As described above, the impedance Z of an inductive coil 
has two components, one resistive and the other reactive. 
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In the case of an air-cored coil carrying A.C. of low frequency, 
the resistance is practically constant, while the reactance 
increases with frequency, being equal to 2nfL and therefore 
proportional to the frequency. Thus Z , which is given by 
Z 2 — R 2 + 47t 2 / 2 L 2 * increases with frequency because of this 
increase in the reactance. 

In order tp confirm this dependence on frequency, an 

Alternator 



Fig. 39. To Investigate Variation of Impedance with 
Frequency 

alternator is required, the frequency of whose output can be 
varied (by altering the speed). Unless specially designed, such 
machines do not give a voltage which varies with time accor- 
ding to a pure sine curve, but one which contains harmonics, 
which are frequencies whose values are integral multiples of 
the fundamental. An alternate# gives only the odd harmonics, 
i.e. those which are 3, 5 . . . times the fundamental. It is 
possible to design a filter circuit which will cut out these 
frequencies and leave only the fundamental, but this is hardly 
necessary in working with an inductive coil where it may be 
shown that the harmonic content of the total current is a 
small fraction generally less than 1 per cent. For the purpose 
of this experiment, an alternator giving frequencies from 
60 to 120 c/s is suitable, the precise frequency for any particular 
measurement being given by a frequency meter connected 
through a resistance to the supply terminals as shown in 
Fig. 39, which also shows the general circuit. 

The ammeter is a moving-iron or thermo-ammeter, while 
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the voltage across the coil is measured by a universal meter 
set on the 100- volt range. Measurements should be made at 
frequency intervals of about 10 c/s. 

At each frequency, the rheostat is adjusted to give a 
constant current of, say, 0*6 amp. The. frequency meter 
reading and the voltmeter reading are taken. Then the 
impedance Z = V/I is calculated at each frequency and 
Z 2 and f 2 are also found, using a table of squares. 

Since Z 2 = R 2 + 4tt 2 / 2 L 2 , we should expect to obtain a 
straight line graph by plotting Z 2 against/ 2 , the line, however, 



f 2 


Fig. 40 . Variation of Impedance with Frequency 

not passing through the origin, but giving an intercept 
Z 2 — B 2 , which is the value at / = 0. This graph is shown 
in Fig. 40. 

Having drawn the best straight line through the points 
and produced it back to give R 2 , the value of L may be found 
from the slope of the line, since this is equal to 47 t 2 /A As an 
example of this calculation, tfie following figures are taken 
from the results of such an experiment — 

At/ 2 = 10,000, Z 2 = 2960 
„ P - 0, Z 2 = 150 (= B 2 ) 

Hence slope of the line = = 0*281 

10,000 

giving 4:tt 2 L 2 — 0-281 

L 2 = °2^ 1 = 00070 
40 

L — 0-084 henry 
It may be noted that R is about 12 £2. 
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Experiment 32. Alternating Current through a Condenser 

When an alternating voltage is applied to a condenser, the 
opposition to the current is purely reactive and thus the 
impedance is equal to the reactance. The reactance of a 
condenser of capacitance C is X c = l/coC — l/27r/(7 and, 
therefore, if / is the current when the voltage is F, 

V 1 

-y = or I = VcoC 
1 (ot 

Before commencing the experiment, which has as its objects 
the measurement of the reactance and capacitance of a 



Fig. 41. (a) To Determine the Reactance of a Condenser 
(b) Condensers in Parallel on A.C. Mains 


condenser and the confirmation of the law for condensers in 
parallel, it is useful to calculate the impedance of a 1 juF 
condenser at a frequency of 50 c/s. This is 

1 10 6 

Z = X c = — — = ~T7 = 3180 a 

c 2 x 3 14 x 50 X 1 X 10- 6 314 

Similarly, for a 2^F condenser at the same frequency, Z 

= about 1600 £2. If, therefore, we wish to vary the current 

appreciably, rheostats having values of this order are required. 

Also, in order to measure the voltage across a condenser, 

an electrostatic voltmeter is the proper instrument to use* as 

otherwise there will be a resistance in parallel which (as will be 

seen in a later experiment), will considerably alter the current. 

(a) To Measure the Reactance of a Condenser at 50 c/s 
The circuit is shown in Fig. 41 (a). The A.C. mains are 
connected in series with a rheostat of about 1000 £2, a universal 
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instrument set on the range 0-250 raA (A.C.), and the 2 / iF 
condenser under test. The electrostatic voltmeter (0-250 
volts) is connected across C. Starting with the maximum 
rheostat resistance, the current is adjusted to 100, 120, and 
140 mA in turn and at each value, the voltage across C is 
carefully measured. The value of V/I is worked out in each 
case and the mean gives Z (or X c ). Then C is calculated 
(in /iF) from X c = l ftirfC. 


(b) Condensers in Parallel on the A.C. Mains 

Using two condensers C x and C 2 whose capacitances are 
1/liF and 2/eF respectively, the circuit shown in Fig. 41 ( b ) is 
set up with switches k x and k 2 in the condenser leads and a 
0-250 mA A.C. ammeter in the main lead. When k x is closed 
and k 2 open, the current I x through C x is measured. When 
k x is opened and k 2 is closed, the current I 2 through C 2 is 
similarly measured. When both k x and k 2 are closed, the 
current I through the condensers in parallel is measured with 
the same voltage across them as when used separately. It 
will be seen that I = J x + I 2 and, therefore, the combined 
capacitance C — C\ + C 2 . Also, the currents I x and I 2 will 


I C 

be proportional to the values of C\ and C 2 , or, -A = -A, which 


should be checked from the measured values of the current 
and the known (or measurable) values of C x and C 2 . 


Experiment 33. Variation of Reactance of Condenser with 
Frequency 

From the equation X c = 1/27 ifC, it is seen that the reactance 
of a condenser is inversely proportional to the frequency, 
which means that if, for example, the frequency is doubled, 
the reactance is halved. With a fixed condenser, it would be 
expected that X c X f — a constant. In order to confirm 
this dependence on frequency, which is best done in the range 
200 to 1000 c/s owing to the difficulty of obtaining alternators 
giving lower frequencies without harmonics, certain apparatus 
not hitherto described is necessary. The supply is provided 
by a standard valve oscillator whose output is practically 
free from harmonics over the range mentioned and may be 
adjusted to about 20 volts. Such oscillators are generally 
operated from the A.C. mains. It is also necessary to be able 
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to set the frequency at definite known values. Unless the 
frequency scale of the oscillator has been recently calibrated, 
it is ^preferable not to rely upon it, but to set the frequencies 
by reference to standard tuning forks in the manner to be 
described. This, of course, amounts to a calibration of the 
scale at the time of the experiment . In order to measure the 
voltage across the condenser, a valve voltmeter is used. This 
instrument will record alternating voltages up to high fre- 
quencies without putting any appreciable load on the circuit. 
It is unnecessary, at this stage, to understand how it works, 


o 

\STANDARC\ 

uscillatoA 
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Fig. 42. Measurement of X c at Various Frequencies 


provided the adjustments to be described are carried out. 
The valve voltmeter scale may be assumed to be correct. 

The circuit is shown in Fig. 42, the ammeter being an 
Avometer set on the 0-12 mA A.C. range, and the condenser 
C being a mica condenser of 0*2 juF. In the circuit there is 
also a low-resistance telephone for the purpose of setting the 
frequency. 

Before switching on the oscillator, the valve voltmeter must 
be adjusted. Connecting a battery of proper voltage for the 
valve, the switch is turned to “Battery” or “Set” position 
and a second control on the instrument is adjusted until the 
pointer stands at a fixed mark on the scale, generally indicated 
by a red line. 

The switch is then turned to the range desired (25 volts) 
and the instrument is ready for use. Next the oscillator is 
switched on and its frequency set to approximately that of a 
standard tuning fork, say 256 c/s. The note heard in the 
telephone is allowed to beat with that of the fork, both notes 
being received by one ear at the same time, and the oscillator 
frequency is carefully adjusted until the rate of beating is 
less than 1 per second. Observations of current and voltage 
are then made and the value of X c = V/I is calculated. 

Measurements of the same kind are carried out at other 
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standard frequencies, e.g. 384, 512, 768, 1024 c/s. Care should 
be taken to see that the current range of the Avometer is 
altered, if necessary, as the frequency is increased. At the 
conclusion of measurements, the oscillator should be switched 
off and the valve voltmeter switch returned to the “Off” 
position and the battery disconnected. 

From the observations, X c is calculated at each frequency. 
As the frequencies mentioned are in the ratio 2, 3, 4, ‘6, 8, 
X c may be multiplied by these nuipbers instead of the actual 
frequencies, to show that X c X / = constant. 

Experiment 34. The Cathode-ray Oscillograph— Observation 
of Phase Difference 

The cathode-ray oscillograph is an instrument extensively 
used in radio work, where its principal application is to investi- 
gate voltage waveforms of various types and under many 
different conditions. The principle of the cathode-ray tube is 
relatively simple. In a highly evacuated tube, a fine beam of 
electrons produced from a heated filament is focused on to a 
fluorescent screen at the end of the tube, giving a blue or 
green fluorescent spot at the centre of the screen. In its 
passage down the tube, the beam passes between two pairs of 
parallel plates, connected to terminals outside the tube. 
When a p.d. is applied between the plates of either pair, an 
electric field is set up which deflects the electron beam so 
that the spot moves on the screen. The two pairs of plates 
are arranged so that the deflexions produced by them are 
at right angles, the X plates producing a horizontal deflection 
and the Y plates a vertical deflection of the spot. These 
deflexions are proportional to the p.d.’s applied to the plates 
at any instant. 

In a double-beam tube, the beam is divided into two and 
there are two pairs of Y plates (F x and Y 2 ) which act inde- 
pendently on the two parts of the beam. Two fluorescent 
spots appear on the screen. 

In addition to the tube, all oscillographs contain electrical cir- 
cuits, switches, and controls. A description of the use of many 
of these will be found in a later experiment (No. 56) and only 
those necessary for the present observations of phase difference 
will be described here. The X and Y shift controls are used 
to move the spot or trace as a whole in the X and Y directions 
respectively. There are also controls fox brilliance and focus. 
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Plate IV. Double Beam Cathode -hay Oscillograph (Cossor) 
{By courtesy of the Manufacturers) 
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One of the most important adjuncts is the time-base circuit. 
When this is brought into use, the spot moves across the 
screen in a horizontal line with a constant velocity from left 
to right. Coarse and fine frequency (or velocity) controls are 
used to adjust the speed of this motion. After having moved 
across the screen, the spot flies back in a very short interval 
of time and then retraces its path, giving the appearance of 
a continuous Jine on the screen. When the voltage to be 
examined has a periodic form, it is usually desirable to lock 
the trace so that it is stationary. This is accomplished by a 
synchronizing control, which should be applied only just 
sufficiently to secure the locking. 

The oscillograph' unit is supplied from the A.C. mains. 

(а) Before proceeding to the question of phase difference, 
the following simple observations will illustrate the use of 
the instrument, which is shown in Plate IV. 

(i) Observe the action of the brilliance and focus controls. 

(ii) Operate the X and Y shift controls and thus, in a 
double-beam tube, distinguish between the Y x and the Y 2 
beams. 

(iii) Apply about 30 volts from an A.C. mains transformer 
between one of the Y terminals and E (the earth terminal). 
The R.M.S. voltage V may be measured by a suitable 
instrument. On the screen there will be seen a vertical line 
whose length represents the swing from positive peak to 
negative peak, i.e. it represents 2 x V2V volts. By 
measuring the length of this line the sensitivity of the 
oscillograph in the Y direction may be calculated in 
mm./volt. 

(iv) Keeping the A.C. voltage applied, turn on the time 
base and adjust it until an almost stationary trace is 
obtained. Then lock the trace by the synchronizing control. 
Examine also the adjustment of time-base speed to give 
1, 2, 4, 6 . . . complete cycles on the screen. 

(б) For observing phase relationships a double-beam tube 
is convenient and the following description implies the use of 
such a tube. 

First, the transformer secondary giving about 30 volts is 
connected to two non-inductive resistances of 1000 each in 
series. The centre point of the resistances is connected to E 
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and the outside terminals to Y 1 and as shown in Fig. 43 (a). 
The time base is adjusted as in (iv) above and the two beams 
are brought together by the Y shift controls. It will be seen 
that the voltages across the resistances reach their maximum 
values at the same instant and are, therefore, in phase. The 
current in a non-inductive resistance is in phase with the 
voltage across it. 

Secondly, one of the resistances is replaced by a 100 Q 
rheostat and the other by an air-cored inductive coil of low 



(a) ' (b) 


Fig. 43. (a) Voltages in Phase with Current; ( b ) To show 
Phase Difference between Current and Voltage in an 
, * Inductive Coil 

resistance and high inductance (a coil > of 1000 turns with 
resistance 30 II and inductance 0-3 H is suitable), the arrange- 
ment now being that of Fig. 43 (6). The traces are adjusted 
as before, when it will be observed that the voltage across I?, 
which is in phase with the current in the circuit, lags* behind 
the voltage across L by almost 90°. 

Thirdly, the inductive coil is replaced by a 2 ji F condenser 
and the 100 II resistance by one of 1000 to 1500 Q. The Y 1 
beam will give the voltage across the condenser, while the 
Y 2 beam will give the current through the condenser. Pro- 
ceeding as before, it will be found that the current now leads 
the voltage by 90°. 

Experiment 35. Phase Relation between Current and Voltage 
in an Inductive Coil 

When an alternating current / passes through a coil whose 
inductance is L and whose resistance is R , the voltage across 
the coil is ZI> where Z is the impedance. This voltage has 
two components, RI in phase with I and (oLI, whose phase 
is 90° ahead of /, since in a pure inductance the current lags 
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bv 90° on the voltage. These voltages are represented by 
vectors as shown in Fig. 44, where the length of the lines 
gives the magnitude of the voltages, and the angle which they 
make with the positive reference vector (which in this case 
is the vector for I) gives the phase angle by which the voltage 
leads the current. ZI is the vector sum of RI and wLI. 


The angle <f> is called the phase angle of the coil and is the 
angle by which the voltage across the coil leads the current 
through it. 

Dividing each side of the voltage triangle by /, the smaller 
a a triangle in Fig. 44 is ob- 

/ 7 / tained, its shape being 

/ (jL similar to that of the larger 

^ j j \ /{P triangle and its sides be- 

/ /IT D ing oqual to Z , R , and cdL. 

/ u)Ll It will k e noticed that this 

Va 'V90° triangle expresses the rela- 

/V\ > * >T tion Z 2 - R* + ™ 2 L 2 , and 

RI also that tan <f> •= wL/R 

„ .. ^ and cos </> = R/Z. If, 

Fig. 44. Voltage Relations in - T r , [ . ’ 

Inductive Coil therefore, Z and <f> are 

determined at a known 


Fig. 44. Voltage Relations in 
Inductive Coil 


frequency (/ = co/ 27;;), the other constants of the coil at that 
frequency can be calculated. 

In order to measure Z and <f> f the coil is placed in series 
with a non-inductive resistance R x and observations are taken 
of (i) the current, (ii) the voltage V x across R v (iii) the voltage 
I r 2 across the coil, and (iv) the voltage V across R x and the 
coil. It will be seen that V x + V 2 is greater than V. This is 
accounted for by the fact that, whereas \\ is in phase with 
/, F 2 leads I by the angle <f>. V is the vector sum of V 1 and 
V 2 and a triangle may be drawn with sides equal to V v V 2 , 
and V f as shown in Fig. 45 (6), from which <f> may be obtained. 

For the measurements, the coil, similar to that used in 
Experiment No. 30, is connected in series with a rheostat 
of about 90 ii, and an A.C. ammeter 0-1 amp. to the secondary 
of a mains transformer giving about 30 volts. A voltmeter 
0-100 volts A.C. is arranged so that it may be connected 
across R v across the coil, or across both R x and coil to measure 
Vy, V v and V, as shown in Fig. 45 (a). 

The circuit should be adjusted so that V x and V 2 are approxi- 
mately equal, while / = about 0*6 amp. Having taken the 
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necessary readings carefully, the voltage triangle ABG is 
drawn on a scale which should be such as to give a large 
triangle. AB is produced and then CD is drawn perpendicular 
to A B produced. Then the angle </>, which may be measured 
by a protractor, is the phase angle for the coil, and the triangle 
CBD is the triangle of voltages for the coil alone. The value 
of Z is given by VJI. It is then possible to calculate R — Z 
cos <f> and the reactance X — oL R tan (f > . Knowing the 
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Fig. 45. ( a ) Circuit to obtain Triangle of Voltages; 
(6) Triangle of Voltages 


frequency (50 c/s), we have L — Xf'lnf. Alternatively,* the 
values of R and X may be found by measuring the sides BD 
and CD, converting to volts, and dividing by /. 

Experiment 36. Effect of an Iron Core on the Impedance and 
Effective Resistance of a. Coil 

When an iron core is introduced into a coil the impedance 
Z is very much increased. The effect of the iron is (i) to 
increase the reactance X by increasing L y and (ii) to increase 
the effective resistance R by reason of the extra work required 
in taking the iron through each cycle of magnetization. A 
suitable coil is a solenoid of about 1000 turns* similar to that 
used in Experiment 19, into , which a core of iron wires may 
be introduced. The object of the experiment is to measure 
Z , L , and R for such a coil with the core inserted to various 
extents and to confirm the increases mentioned above. All 
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the measurements are carried out at the fixed frequency of 
the A.C. mains (50 c/s), the supply being about 30 volts from 
a mains transformer. The circuit is that of the preceding 
experiment, Fig. 45 (a), L being the iron-cored solenoid, but 
with R t variable. The procedure is also the same, except 
that the current / must be kept constant at, say, 0-2 amp. 
Starting with the core fully in, R 1 is adjusted to give this 
current and then V l9 F 2 , and V are measured as before. 
Similar observations are made with the core one -half in and 
one -quarter in, care being taken to see that the current does 
not exceed the range of the ammeter as the core is withdrawn 
and that it is adjusted each time to 0*2 amp. by altering R v 

Using graphical construction and calculating in each of the 
three cases exactly as in Experiment 35, the values of <f > , 
Z, X, L, and R are found. The D.C. resistance of the coil 
should be measured by a universal meter for comparison with 
the A.C. resistance. On collecting and tabulating the results, 
it will be seen that there is an increase in all the quantities 
as more iron is inserted. 

Experiment 37. Variation of Impedance, Inductance, and 
Effective Resistance of an Iron-cored Coil with Current 

In the previous experiment, care was taken to keep the 
current constant, the reason being that the values of Z, L, 
and R depend on the current when the coil is iron-cored. 

This dependence is to be examined in the present experi- 
ment. A circuit similar to that of Fig. 45 (a) is fitted up, 
using the iron-cored coil with core fully inserted and adding 
a rheostat by means of which the current may be adjusted. 
R t is retained at a suitable fixed value. The procedure and 
treatment of the measurements is exactly the same as in 
Experiment 35, the values of /, V v V 2 , and V being measured 
at currents of 0*15, 0*2, and 0*25 amp. The last-named current 
is that at which, with the coil described, the iron is approaching 
saturation. The values of Z, L y and R are obtained as in the 
two previous experiments. As the current increases, the 
values of Z and L will be found to decrease. On the other 
hand, the effective resistance R increases. 

The decrease in' L is explained by the fall in the magnetic 
permeability of the iron. This reaches a maximum and then 
decreases as the magnetizing field is increased towards the 
saturation value. The work done in taking the iron through 
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its hysteresis cycle is, however, increased and this accounts 
for the greater part of the rise in R. 

In the case of a low-frequency choke, which is an iron-cored 
inductance, similar effects would be found and if, in addition, 
it were carrying direct current, the values of Z, L , and R 
would be affected for the same reasons. 


Experiment 38 (a). Capacitance and Resistance in Series 

When an alternating current is passed through a condenser 
of capacitance C with a resistance R in series, the voltage Rl 
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Fig. 4H. (a) Voltage Vectors for C and R in Series 
(6) Measurements with Alternating Current through 
C and R in Series 


across R is in phase with the current, but the voltage XI 
across C (where X is the reactance) lags by 90° on the current. 
The voltage vector diagram is, therefore, that shown in Fig. 
46 (a), V, which is the vector sum of RI and XI, being the 
overall voltage across C and R. Dividing each side of the 
triangle by I as in the case of an inductive coil, we see that 
the impedance Z has resistive and reactive components and 

is given by Z = V R 2 -(- X 2 — J R? + ^£ 2 ’ since X — 1 /o)C. 

The phase angle (f> is negative, which means that the current 
leads the voltage. Its value, irrespective of sign, is given by 
tan (f> = 1/coCR, and we have also cos — R/Z , so that if 
Z and <f> are determined, the values of C and R may be 
calculated. 

The circuit is shown in Fig. 46 (b). A 2 ^F condenser is 
connected in series with a 230-volt 16-c.p. carbon lamp which 
forms the resistance, an A.C. ammeter of range 0-0-25 amp. 
and the A.C. mains (230 volt^ 50 c/s). The voltages aoross 
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the various components are measured by an electrostatic 
voltmeter whose leads are touched on to the points between 
which the p.d. is required. Switching on, and noting the 
current /, the voltage \\ across the lamp is measured, then 
F a across the condenser and finally F, the voltage across 
the two. 

It will be found that V 2 ~ F x 2 + F 2 2 , thus confirming that 
the voltage triangle is right-angled as in Fig. 46 (a). Then 
the triangle is drawn using a large scale and the angle <f> is 
measured. Alternatively the angle may be calculated from 



Fig. 47. ( a ) Alternating Current through C and R in 
Parallel: (6) Current Vectors for this Case 

tan <f> = VJV v Z is found from V/I and then, using the 
relations given above, the values of R, X , and C are calculated. 
It should be noted that, in the series circuit, where the current 
is the same through each component, it is the voltage vectors 
which are plotted. 

Experiment 38 (b). Capacitance and Resistance in Parallel 

If a resistance R is connected across the terminals of a 
condenser of capacitance C and an alternating voltage F is 
maintained across them as shown in Fig. 47 (a), then the 
current I t through R is in phase with F, while the current / 2 
through C is 90° ahead of F in phase. The total current I 
shown by the ammeter A is, therefore, not equal to I x + J a , 
but to the vector sum of I x and / 2 , as shown in Fig. 47 (6). 

We should therefore expect 1 2 = I x 2 + / 2 2 . This result may 
be confirmed experimentally and the value of <f> for the parallel 
circuit found by connecting the circuit of Fig. 47 (a) to the 
A.C. mains, using for C and R the components of the previous 
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experiment. With the switch h x closed and with k 2 open, the 
value of I x is observed. Opening k x and closing Ic 2) the current 
1 2 is observed. Finally closing both keys, / is observed. It 
may then be shown by calculation that / 2 = / x 2 + Z 2 2 and 
the current vector diagram drawn on a large scale. The phase 
angle <j> should be measured (or it may be calculated from 


V V V 

tan (f> — Z 2 /Z x ) an( l the values of Z = T , R = y-, and X — y 

1 f 2 

worked out, taking V = 230 volts. The relation between 


Z, R , and X for this parallel 
the triangle obtained by 
dividing each side of the 
current vector triangle by 
F, which is the same for 
each. The sides of the re- 
sulting triangle would be 
1/Z, 1/R, and l/X so ‘that 

2 Y 2 ‘ This rela- 

tion can be cheeked by in- 
serting the values of Z, 
R, and X already found. 


may be found by considering 



Fig. 48. Capacitance A.C. Bridge 


Experiment 39. Measurement of Capacitance by A.C. Bridge 

' When a standard mica condenser is available, the capaci- 
tance of a second condenser of about the same value may be 
measured with considerable accuracy by an alternating 
current bridge very similar to the Wheatstone bridge used 
with D.C. for measuring resistance. The circuit is shown in 
Fig. 48. The arms of the bridge consist of the condenser 
under test (7, the standard condenser C 0 , a fixed non-inductive 
resistance R and a variable non-inductive resistance, R 0 , the 
resistances being taken from boxes. 

The alternating current is supplied at an audio frequency 
of about 1000 c/s by a suitable oscillator whose output coil is 
connected to opposite junctions of the bridge. Across the 
other two junctions is connected a telephone, which replaces 
the galvanometer of the D.C. bridge and which is used to 
detect the balance with A.C. At balance, with perfect com- 
ponents, no alternating current will flow through the tele- 
phone and therefore no sound will be heard. In practice, the 
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adjustment is made until the intensity of the note heard in 
the phones is a minimum. When balance has been attained, 
CR = C 0 R 0 giving C - C q RJR. 

Having connected the circuit, R is set at 1000 & and R 0 
also at 1000£2 to begin with. The oscillator is switched on 
and the note in the phones is observed when the key k is 
closed. R 0 is then changed systematically until the note is 
a minimum. The accuracy of the setting should be tested by 
finding the change in R 0 which *is required to give a just 
perceptible change in the intensity. This may be ± 2 fi. 
Further measurements should be made with R = 2000 and 
3000 12. C is then calculated for each balance and the mean 
taken. The following results taken from such an experiment, 
show the accuracy of the method, which, without refinement, 
should give the value of C to about 1 part in 1000. 

C Q (standard) = 0*500! 

R 1000 2000 il 

R 0 for balance 951 di 2 1903 ± 2 12 

C 0*475 6 0*475 8 /it F 

Jf C has not a high insulation resistance, the minimum will 
be rather flat. In this case, the balance may be improved 
by connecting a variable resistance in series with C 0 and 
adjusting this resistance and R 0 alternately until balance is 
obtained. 

Experiment 40. Capacitance and Inductance in Series 

When a condenser and an inductive coil are in series and 
carry an alternating current, the voltage across the condenser 
lags behind the current by 90° while the voltage across the 
coil leads the current by an angle (the phase angle of the coil) 
whose value depends on the relation between the reactance 
and the resistance of the coil. The voltage V across condenser 
and coil together will be the vector sum of these two voltages, 
as shown in Fig. 49 (a), where V q and V L are the voltages 
across condenser and coil respectively. If the frequency is 
high enough to make the reactance of the coil much greater 
than its resistance, then V L is almost in line with V a and the 
resultant overall voltage is nearly equal to the difference 
between V L and V c . 

If a non-inductive resistance R is included in series, then 
the voltage V R across it is in phase with the current and the 
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vector diagram becomes that shown in Fig. 49 (6), where 
V' is the voltage across all three components. 

The purpose of the experiment is to measure the various 
voltages in each case and to draw the vector diagrams. 

An audio-frequency oscillator giving about 20 volts at 
1000 c/s is used for the supply. It is connected through a 
switch to a 1 ^F condenser, a wireless coil of 500 to 1000 
turns, a resistance of about 200 Q, and an A.C. ammeter of 



Fro. 49. Vector Diagrams for : (a) Condenser and Inductive 
Coil in Series; (6) Condenser, Inductive Coil, and 
Resistance in Series 


range 0-250 mA. Throughout any set of measurements, the 
current is kept constant by adjustment of the volume control 
of the oscillator. The voltages across the components of the 
circuit are measured by a valve voltmeter with ranges 5, 25, 
100 volts, adjusted as described in Experiment 33. 

In the first set of measurements the voltages V c (across C), 
V L (across the coil), and V (across both) are measured. When 
doing this, the highest range of the valve voltmeter should 
be tried first and then the lower ranges as required. From the 
readings', the vector diagram of Fig. 49 (a) is drawn on a 
large scale. It may then be seen by what angle the phase 
difference between V c and V L is less than 180° and also what 
is the phase difference between the voltage V across the 
combination and the current I through it. 

In a second set of measurements the voltages F c , V L , and 
V R are measured as well as the voltage V' across the three 
components. If the current is the same as in the previous 
set of observations, V' is the vector sum of Vr and V, 
and since V u is in phase with the current, the vector 
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diagram may be drawn to give V' and the value obtained 
graphically may be compared with the measured value. 

Experiment 41. Measurement of the* Inductance of a Low- 
frequency Choke by Turner’s Method 

Low-frequency chokes are iron- cored coils having large 
inductance (10 to 100 H in value). In order to measure such 
an inductance, the method to be described is very suitable 
if a decade dial variable condenser 0-1 juF is available. The 



Fio. 50 . Turner’s Method for Fig. 51 . Current 

Large Inductances Vectors in Turner’s 

Method 


circuit is shown in Fig. 50. The choke ( L , R) with a key in 
series is connected in parallel with a variable condenser C 
and the combination is connected to an A.C. supply at 50 e/s 
with an A.C. ammeter in the main circuit. For a certain 
value of C y the ammeter reading is the same whether the key 
is open or closed. When this is so, it may be proved, as shown 
below, that 2 oj 2 LC — 1 where o) = 2n X frequency, L and 
C being expressed in henrys and farads, respectively. 

The A.C. supply is obtained by means of a potential divider 
on the mains, the whole of a 1000 rheostat being connected 
to the mains and tappings being taken from one end and from 
the slider to the circuit. Using an Avometer on the 120 mA 
A.C. range and with C = 0*5 //F, the rheostat slider is set at 
about the centre and the current is switched on. The variable 
condenser is then adjusted until the reading of A is unchanged 
on opening or closing 1c. 

The value of C is then noted and L is calculated from the 
relation given above. 

By adjusting the potential divider, the experiment should 
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be repeated with a smaller and with a larger current. It will 
be found that the value of L depends on the current. 

The remarkable point about Turner’s method is that the 
resistance of the choke does not enter into the calculations. 

The equation given may be proved by reference to Fig. 51, 
which shows the current vectors for the circuit. 

The phase of the applied voltage is OV. The condenser 
current, I c , represented by OP, is 90° ahead of the voltage. 
The inductance current I L , represented by OQ , lags behind 
the voltage b$r the phase angle of the inductance <f>. The 
main current /, represented by OR, is the vector sum of 
l c and I L . When C has been adjusted as described, I = I c , 
so that the triangle OPR is isosceles. Bisecting the angle 
FOR and drawing a line from P parallel to OV, it is obvious 
from simple geometry that all the marked angles are equal 
to cf>. Then 

iPR/OP = sin <f> 

or \l L — I a . sin <f> 

But if Z — impedance of the coil, I L = V/Z and sin </> — 
(oLjZ. Also I c — V a )C and hence 


1 r 

2* Z 


VcoC x 


coL 

~Z 


giving 2o rIJJ = 1. 


Experiment 42. Resonance Curve for Series Circuit ♦ 


In a circuit containing capacitance, inductance, and resis- 
tance in series (generally referred to as a series C-L-R circuit) 
the current which flows when an alternating voltage is applied 
depends on the impedance of the circuit, which is 



and on the voltage V , being given by I — V/Z. The current 
lags behind or leads the voltage according as the reactance, 


which is 


i8 ( wL ~ Jo)’ 1 


is positive or negative. If the frequency 


or the values of L and C are adjusted so that this reactance 
is zero, we have the condition known as resonance , when the 
current will be a maximum, equal to V/R, and the impedance 
is purely resistive, being equal to R. In addition, the current 
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is then in phase with the applied voltage. The frequency / 
at which this occurs with fixed values of L and C is given 

by coL = , or co 2 = l/LC , or /== IfiirVLC. At frequencies 

cot 

near this resonant frequency the current ih the circuit is less, 
falling off steeply if the value of R is small. A resonance or 
response curve for such a circuit shows the current as a 
function of frequency in the neighbourhood of resonance. 
The voltage across the condenser (or across the inductance) 



A.C. 


Fig. 52. To Determine the Resonance Curve of a 
Series Circuit 

at resonance is much greater than the applied voltage V 
(which is that across R) and the voltage magnification is the 
ratio between these, i.e. V T J V. 

When, as in a tuned circuit, there is no added resistance 
and R is the resistance of the inductive coil, the voltage 
magnification is that of the coil and is denoted by Q. Since 
V L ~ coLl and V = RI , we have Q — coL/R . 

In an experimental investigation of the resonance curve, 
instead of keeping the circuit fixed and altering the frequency 
of the supply, it is easier to keep the frequency fixed and to 
alter the resonant frequency of the circuit by de-tuning. This 
method, in fact, corresponds with that used in tuning a radio 
receiver. 

To plot a resonance curve at about 10, 000 c/s, the circuit 
shown in Fig. 52 is set up. The coil L is of about 700 turns 
with inductance 0 05 H, while the condenser C is variable 
between 0 and 1 fiF. An A.C. milliammeter and a switch 
are included in the resonant circuit, across which the voltage 
is measured by a valve voltmeter. An audio-frequency oscil- 
lator is set to give a supply at 10,000 c/s, its output terminals 
being connected to a coupling coil of 200 to 600 turns by 
means of which a suitable voltage is injected into L by setting 
it near to L. 
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Having adjusted the valve voltmeter in the usual way, the 
first measurement is of the voltage V injected into the coil. 
This measurement is made with k open. Next, the voltmeter 
is switched to a higher range, k is closed, and C is adjusted 
until resonance is approached. This will be indicated by an 
increase in the milliammeter reading to a maximum. Having 
thus found the approximate condenser value for resonance, 
C is then set at a number of values on either side of resonance 
and at resonance, and at each point the values of V L and / 



Fig. 53. Response Curve showing Half-power Points 


are observed. Smaller steps are needed when the curve rises 
or falls steeply. 

The response curve is obtained by plotting I against ( 7 , 
and will be of the shape shown in Fig. 53. Reading off the 
value of C for resonance and knowing the frequency at which 
it occurs, the value of L may be calculated from the relation 
/ — 1/2ttVLC. Also, the voltage magnification, V L /V at 
resonance, should be calculated from the voltage readings. 
Its value may be compared with the value of Q for the circuit 
found in the following way from what are called the half-power 
points on the response curve. These points are those for 
which the power is one-half the , power in the circuit at reson- 
ance, i.e. the points at which the current is 1/V2 or 0*707 of 
the current at resonance. They are shown at P x and P 2 in 
Fig. 53. If AC is the change in capacitance required to move 
from P 1 to P 2 , the value of Q is given by Q = 2C/AC where 
C is the capacitance at resonance. 

The voltage magnification of the circuit used will be less 
than the Q value of the coil because of the addition of the 
resistance of the milliammeter. The capacitance of the valve 
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voltmeter, which should strictly be added to C , is negligible 
in this experiment. 

Experiment 43. The L.F. Transformer 

In radio circuits, the low-frequency transformer is used for 
two principal purposes: (i) to supply, from the A.C. mains, 
suitable voltages for a power pack (see Experiment 90), and 
(ii) as a coupling in audio-frequency amplifiers (see Experiment 
59). Two simple experiments on the transformer will serve 
to show the principles involved in its operation. The trans- 
former in its simplest form consists of a continuous soft-iron 
core, built up from laminations which are electrically insulated 
from one another, and carrying two coils wound round the 
core, one being the primary of N l turns and the other the 
secondary of N 2 turns. These coils are insulated from each 
other and from the iron core. When an alternating current 
passes through the primary, the alternating magnetic flux in 
the iron is linked with the secondary, across which theje is 
consequently an induced E.M.F. If the magnetic leakage is 
small, the ratio of secondary E.M.F. to primary E.M.F. is 
practically equal to N 2 /N v which is called the turns ratio or 
transformation ratio T . 

(а) A demonstration transformer suitable for testing the 
above relation ma}^ be made by winding a primary coil of 
200 turns of No. 26 insulated copper wire and a secondary 
coil of 1000 turns of No. 30 insulated copper wire with a 
tapping at 400 turns, on the arms of a U-shaped laminated 
core with a straight laminated yoke which may be placed 
across the top of the U. Turns ratios of 2, 3, and 5 may thus 
be obtained. A supply at 4 volts obtained from a mains 
transformer is applied to the primary of this demonstration 
transformer. The secondary voltage is measured by an A.C. 
voltmeter of suitable range connected across the 400, 600, 
and 1000 turns in succession. The ratio of secondary to primary 
voltage is compared with the turns ratio in each case. 

The effect of removing the yoke should also be investigated, 
first, when it is taken off, and secondly when it stands on 
the U, but separated from it by a thin sheet of cardboard. 
These observations will show the necessity for a closed iron 
circuit. ^ 

(б) The second experiment is concerned with the efficiency 
of a mains transformer. It involves taking a current from 
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the secondary, with consequent increase in the primary 
current. When the secondary is open (i.e. no load), the primary 
current is small and consists of two components, one in phase 
with the applied voltage to supply the energy which is lost 
in the iron and the other lagging by 90° on the applied voltage 
due to the inductance and called the magnetizing current. 
The phase angle of the primary under these conditions may 
be found by using an oscillograph or by means of a wattmeter. 
It will be a constant for a particular transformer with fixed 



Fin. 54 . ( a ) To Test the Efficiency of a Transformer 
(6) Primary Current Vectors 


primary voltage. We shall suppose its value to be 60°. Then 
the magnetizing current I m will be 0*87 of the primary no-load 
current. 

A mains transformer with a 4-volt 2-amp. secondary winding 
is used for the experiment. This secondary is connected 
through a switchto a 20 Q rheostat and A.C. ammeter in 
series, as shown in Fig. 54 (a). The secondary voltage is also 
measured. In the primary circuit the current is measured 
by an Avometer on an appropriate A.C. range. 

The following measurements are now made — 

(i) r With the switch k open, the no-load primary current 
is measured. I m is then 0*87 of this value. 

(ii) Turning the ammeter in the primary circuit to a 
higher range, the secondary circuit is completed and the 
secondary current adjusted to 1 amp. (at which value the 
efficiency is to be calculated). The primary current l v and 
the secondary voltage V 2 are observed. 


In order to calculate the efficiency, which is equal to 

Wa — - - C - expressed as a percentage, it is necessary 
primary wattage • 


4 — (T.273) 
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to find the in-phase component of I p . This may be done 
graphically or by calculation. Referring to Fig. 54 (6), OM 
represents the magnetizing current I m , OA represents I pt 
and OB represents the in-phase component I x which is re- 
quired. Then I x = I p cos </>, the value of <f> being found from 
sin <f> = / m //p. 

The primary wattage — 230 X I x if the mains voltage is 
230 volts. The secondary wattage is V 2 X 1. Hence the effi- 
ciency can be calculated. Similar measurements may be taken 


A.C.Mains 



Fic;. 55. Me Asr re me xt of Capacitance by Avomktkr 

at other secondary load currents, such as 0*5 and 0-8 amp. 
Transformers are generally designed to be most efficient at 
full load, but the efficiency at smaller loads is not usually 
much lower. 

Experiment 44. A.C. and other Tests on Condensers 

The use of condensers in radio work is so extensive that a 
knowledge of the simple tests which may be made on them is 
indispensable. 

(a) Measurement of Capacitance by Universal Meter 

Capacitance measurements with a universal meter are made 
in a way similar to resistance measurements, except that an 
A.C. supply is used. When the instrument switch is set at 
“Capacity,” a 1 /uF condenser is included internally and the 
deflexion gives the current when an A.C. supply is connected. 
If a test condenser of 1 /iF is added in series, externally, the 
impedance is doubled and the deflexion falls to half-value, 
this point on the capacitance scale being marked 1 /iF. The 
scale is thus calibrated to read directly in //F. Provided that 
the resistance of the meter circuit is relatively low, the cali- 
bration is independent of the supply frequency. Fig. 55 
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shows the arrangement with an Avometer, the terminals of 
the instrument when set with one switch at A.C. and the 
other at “Capacity ” being shown at T, T. 

Having connected the instrument to the A.C. mains, the 
knob Q is lifted and rotated until the pointer reads infinity 
on the capacitance scale. The mains are then switched off, 
the condenser C under test is inserted in series and the mains 
switched on again. C is then read from the scale. Several 
condensers should be measured and their nominal values 
compared with the measured values. 

(6) Insulation Tests on Various Condensers 

Comparative tests on the insulation resistance of mica, 
waxed-paper, and electrolytic condensers are made in the 
following way : The condenser is connected by a high-insula- 
tion switch to a D.C. supply of about 200 volts. Two H.T. 
batteries in series, each of nominal 120 volts, will serve. 
Across the condenser is connected an electrostatic voltmeter 
of range 0-250 volts. The connecting wires should be stiff 
so that they do not touch the bench. Commencing with a 
waxed-paper condenser of 2 //F, the condenser is charged and, 
opening the switch, the time required for the voltage to fall 
from, say, 200 to 100 volts, because of the leak through the 
insulation, is observed. Several readings should be made. 
Next the paper condenser is replaced by a 01 /uF mica con- 
denser and similar observations attempted. The difference 
between the two condensers w T ill be obvious at once, the rate 
of leak being now so slow that an observation of the time for 
the voltage to fall from 200 to 190 volts will be sufficient. 
Thirdly, an 8 fjF electrolytic condenser is used. In this case 
it is important to make sure that the positive pole of the 
battery is connected to the positive terminal of the condenser 
(generally the centre terminal, the metal case being the 
negative terminal). The slow rate of charging should be 
noticed. When the voltage has reached a satisfactory value, 
the leakage test is made immediately. Further experiments 
are then made when the maximum voltage has been applied 
for 1 minute and for 5 minutes. This will give time for some 
forming of the dielectric layer to take place and the rate of 
leak will be found to be less. The various results should be 
collected in a table. 
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(c) To Measure the Capacitance of an Electrolytic 
Condenser 

A single electrolytic condenser must not be used on an 
alternating supply as this would result in the dielectric film 
being destroyed. It is, however, possible to measure the 
capacitance by alternating current provided a polarizing 

direct voltage is applied 
such as to prevent reversal 
of the polarity. The D.C. 
and A.C. voltages at the 
condenser terminals must 
satisfy two conditions — 

(i) the polarizing D.C. volt- 
age must be greater than 
the A.C. peak voltage, 

(ii) the D.C. voltage + the 
A.C. peak voltage must be 
less than the maximum 
working voltage of the 
condenser. As the A.C. in- 
struments will read R.M.S. 
values, it is necessary to 
make a calculation of the 
permissible values before 
commencing the experi- 
mental work. Suppose 
that the maximum working 

voltage of the condenser is 250 volts and let the maximum 
D.C. voltage of the 1 20- volts tapping of a H.T. battery be 
108 volts. Then the maximum A.C. peak voltage would be 
250 — 108 = 142 volts. But this is greater than the available 
D.C. voltage. Hence the maximum A.C. peak voltage per- 
missible = 108 volts, giving as the maximum R.M.S. voltage, 
108 108 

■^tj g i ^ =76 volts. For safety, it would be advisable 

not to exceed 65 volts (R.M.S. ). 

The circuit is shown in Fig. 56. The electrolytic condenser 
C with an A.C. ammeter (0-0*25 amp.) in series has both 
D.C. and A.C. voltages applied to it, the former from the 
0-120 volt H.T. battery and the latter from a potential divider 
or a “Variac” transformer on the A.C. mains. 



Fig. 56. To Measure the Capaci- 
tance of an Electrolytic 
Condenser 
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A low-frequency choke L must be included in the H.T. 
battery lead to prevent A.C. from passing through the battery 
and, similarly, a condenser C x of suitably high value (6 ^F) 
must be inserted in the A.C. lead to prevent the H.T. battery 
from being shorted through the potential divider. The A.C. 
voltage tapped from the potential divider is thus applied to 
C and C l in series, but only that portion across C is measured 
by the A.C. voltmeter F, which is an Avometer set on the 
100-volt A.C. range. This instrument will measure an A.C. 
voltage superimposed on a D.C. voltage because it has an 
internal transformer as well as a rectifier unit. Before switch- 
ing on, it should be confirmed that the positive battery ter- 
minal is connected to the positive terminal of C and that the 
potential divider is set to give a very small A.C. voltage to 
begin with. This voltage is then set at 20, 30 ... 60 volts 
in succession and the values of current I and voltage F across 
C are measured. The reactance X c =f F/J is calculated for 
each pair of readings and finally C is calculated from X c 
= l /27r/C, the frequency of the mains being 50 c/s. 

The value of C may be found to differ considerably from 
its nominal value. 



CHAPTER VI 


THE CHARACTERISTIC S OF VALVES AND 
METAL RECTIFIERS 

The characteristic of any component of an electrical circuit 
is a curve showing the relation between the current I and the 
voltage V applied to the component, which produces it, the 
conditions under which the relationis. expressed being specified. 

Only if Ohm's Law applies to the component is the charac- 
teristic a straight line. In all the cases now to be con- 
sidered the characteristics are curved and unsym metrical, 
this being typical of all non-linear devices, as they are there- 
fore called. 

In this chapter, unless expressly stated to be otherwise, 
all the currents and voltages are direct currents and voltages. 

Experiment 45. The Characteristic of a Metal Rectifier 

All rectifiers have a much greater conductance for current 
passing in one direction than for current in the reverse direc- 
tion. Two kinds of metal rectifier are in general use, copper- 
copper oxide and iron-selenium. In the first type, which 
consists of copper discs coated on one side with copper oxide 
and connected in series, the good conducting direction is from 
the oxide to the copper. In the second type, consisting of 
nickel-plated iron discs coated on one side with selenium, 
the conducting direction is from iron to selenium. In the 
diagrams, the rectifier is shown by an arrow head standing on 
a plate, the direction Li which the arrow head points being the 
“forward” or good conducting direction. 

The experiment consists in determining the relation between 
the current and voltage for the two directions, using a single 
element. The current in the forward direction should not 
generally exceed 150 mA/cm. 2 , this corresponding to a voltage 
of about 1 volt with the copper oxide type and about 1*3 volts 
with the selenium type. In the reverse direction, the applied 
voltage should not exceed 12 to 15 volts, the current then 
being about 1 mA/cm. 2 for each type. 

Measurements in the forward direction are made by the 
circuit shown in Fig. 57 (a). A 2- volt cell is connected to a 
potential divider from which voltages between 0 and 1 volt 

92 
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are applied to the rectifier element, the current being measured 
by a 0-1 ammeter. 

Corresponding readings of I and V are obtained, care being 
taken not to exceed a current of 1 amp. For the reverse 




Fig. 57. Circuits for Metal Rectifier Characteristics 
( a) Forward Direction; ( b ) Reverse Direction 

direction, the circuit of Fig. 57 (b) is used, the ammeter being 
replaced by a 0-10 m A instrument and the voltmeter being 
so placed in the circuit that the current through it is not 
recorded by the milliammeter. Measurements of I when 
V — 0, 0-5, 1, and 2 volts are taken. From the reading of 



Fig. 58. Characteristic of a Metal Rectifier 


1 at 1 volt the resistance of the rectifier for the reverse direction 
should be calculated. 

The characteristic is then plotted from the two sets of 
readings. It will be of the form shown in Fig. 58, and consists 
of a line very close to the axis for negative values of V, a 
curved part from V = 0 to about 0-3 volt and a practically 
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straight portion for higher values of V. Using this straight 
part, the forward resistance may be deduced from the slope 
of the line. 

If a change A V in voltage produces a change A I in current, 
then R = AT 7 / A/, these increments being found by drawing 
the triangle ABC on the straight part and measuring BC 
and CA in terms of their respective scales. 

If a single element is not available, measurements may be 



Fig. 59 . Circuit Diagram for Diode Characteristics 


made on a unit containing several elements, provided care is 
taken to see that the voltage per element does not exceed 
that stated and that the elements are all in series in the same 
direction. A unit is sometimes arranged with a centre terminal, 
the elements then being arranged so that their forward direc- 
tions are from centre to each end. 

Experiment 46. The Characteristic of a Diode 

A diode is a thermionic valve with two electrodes — the 
filament or cathode and the plate or anode. When the filament 
is heated by a current, it emits electrons which are attracted 
to the anode when this electrode is positive with respect to 
the filament. 

The electric current through the valve, according to con- 
vention, flofrs from anode to cathode. This anode current 
I a depends, in a given valve, on the anode voltage V a with 
respect to the filament and on the temperature of the filament. 
Thus an / a -F a characteristic can' be drawn for each filament 
temperature. 

The circuit for determining such characteristics is shown 
in Pig. 59, which also shows the 4-pin valve base. The valve 
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may be an Osram H.L.2 or similar type with anode and grid 
connected together to form the anode of the diode. Its normal 
filament voltage is 2 volts, the filament being supplied by a 
2-volt accumulator with a rheostat of about 10 in series. 
If desired, the voltage at the filament terminals may be 
measured by a voltmeter connected across them. 

The anode voltage is obtained from a 0-120-volts H.T. 
battery and is applied between anode and the negative ter- 



Ya 

Fig. 60. I a ~ V a Characteristics of a Diode 

minal of the filament. V a is measured by a voltmeter 0-100 
or 0-200 volts across that part of the battery which is being 
used. The anode current I a is measured by a milliammeter 
0-10 mA, in the anode circuit, preferably on the low potential 
side. 

With 2 volts on the filament, the anode current in mA is 
observed as V a is increased in the steps provided by the 
tappings on the H.T. battery from 0 upwards. The anode 
current should not be allowed to exceed 10 mA. No reliance 
should be placed on the nominal voltages of the various 
battery tapping points. Although when V a — 0, the milli- 
ammeter will show no appreciable reading, there is nevertheless 
a very small current which could be detected by a much more 
sensitive instrument. 

A similar set of readings is then obtained with a lower 
filameht temperature, say that corresponding to 1*5 volts on 
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the filament. Although the valve is not generally used under 
these conditions, the characteristic obtained will show the 
approach to saturation which occurs as V a is increased. 

On plotting the characteristics, curves similar to those 
shown in Fig. 60 will be obtained. 

The upper curve (for 2 volts on filament) starts very near 0, 
bends upwards, and then becomes practically straight over 
a considerable range. Taking two points on this straight part, 
the differential or w< slope ’’ resistance, R a = A F a /A/ a may 
be calculated as in the case of the metal rectifier. It must 
not be forgotten that A/ a must be expressed in amperes. 
The lower curve (for 1*5 volts or less on the filament) has a 
much shorter straight portion and proceeds to saturation. 

Experiment 47. The Mutual Characteristics o! a Triode 

The triode is a valve with three electrodes, viz. anode, 
grid, and filament (or cathode), the grid being fixed between 
anode and cathode. There are thus several different types of 
characteristic, each showing the relation between a current 
and a voltage when other factors are fixed. These various 
characteristics will be the subjects of several experiments, 
in view of the importance of this particular valve. In all the 
experiments, the filament voltage is at the normal rating for 
the valve. 

A mutual characteristic shows the relation between anode 
current I a and grid voltage V Q , when the anode voltage V a 
is fixed, the voltages being measured from the cathode (or 
negative end of the filament) to the electrode concerned. 
Special attention should be given to that part of the charac- 
teristic in the region of negative values of V g , as this is the 
portion over which small triodes are normally operated. 
Positive values of V g should never exceed 1 or 2 volts and 
should not be applied for longer than is necessary to' read the 
anode current, as otherwise the filament will be permanently 
damaged. 

The circuit is shown in Fig. 61, an Osram H.L.2 valve 
being used. The filament is connected to a 2- volt cell. In 
the anode circuit are a H.T. battery with a voltmeter (0-200) 
across the battery leads to measure V a and a milliammeter 
(0-10 mA) to measure I a . The grid voltage is provided from 
a potential divider across a 6-volt battery of accumulators 
with positive terminal connected to negative filament terminal 
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in the first set of measurements. A voltmeter (0-10) is used 
to record V g . 

Owing to the ease with which valves are damaged by wrong 
battery connexions, the circuit wiring ^should be carefully 
checked before any batteries are connected. This rule holds 
for all valve circuits. 

' Setting the slider of the potential divider so that the 
maximum grid bias of — 6 volts is applied to the grid, the 
value of V a is set at 60 volts (nominal) and the anode current 



Fiu. 61. Circuit for Characteristics of a Triode 


observed. Then, keeping V a fixed, the grid voltage is varied 
in steps of 0*5 volt up to 0 and, at each value, the anode 
current is observed. This procedure is repeated for a number 
of different fixed values of V a , say 48, 72, 90, 110, and 120 
volts, these being nominal values of which the true values 
are read on the voltmeter. Next, after switching off, the 
6- volt grid battery is replaced by a 2 -volt cell connected so 
that a positive bias may be applied to the grid. Readings are 
then made as before, with V g = + 0*5 and +1-0 volt, at 
such of the former values of V a as will give an anode current 
not greater than 10 mA. 

A grid bias dry battery may be used to provide V g in place 
of the potential divider and 6-volt accumulator. In this 
case, the steps of grid voltage available are greater, being 
1*5 volts each, and it is necessary to take care that thoH.T. 
connexion is broken before changing V g to another value. 
Also, in making V g = 0, the grid must be connected directly 
to the negative terminal of the filament and not left dis- 
connected. The potential divider should not be used with a 
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dry battery as the current taken by it would soon run the 
battery down. 

Having taken and tabulated the readings, the mutual 
characteristics, one for each value of V (l , are drawn by plotting 
l a against V g . The curves will be similar to those shown in 
Fig. 62 (a). It will be seen that, after the initial curvature, 
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Fig. 62 . (a) Mutual Characteristics of a Triodk 
(6) Relation between V a and V 0 

the characteristics are practically straight and parallel. From 
the straight portion, the value of the mutual conductance g 
which equals A/ a /A^ when V a is fixed, is calculated, A I a 
being the change in anode current due to a change AF ff in 
grid voltage, g is usually expressed in m A /volt. 

From the mutual characteristics, a second set of curves 
which show an important property of & triode may be ob- 
tained. Drawing a horizontal line across the mutual character- 
istics at I a = 2 mA, the corresponding values of V g and V a 
to give this anode current are read off and plotted against 
each other to give a line for I a = 2 mA as shown in Fig. 
62 (6). Similar lines are obtained for l a = 1, 3, 4 . . . mA, 
and it will be seen that these V a -V g lines for various constant 
currents are straight and parallel over the greater part of 
their length. This means that if the anode voltage is increased 
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by AF a , then the decrease in grid voltage necessary to keep 
the anode current constant is proportional to AF a . It follows 
that the ratio of anode voltage change AF a to grid voltage 
change AF^, required to produce the same change in anode 
current, is a constant. This constant is called the amplification 
factor of the valve and is denoted by ja. Its value may be 
found from the slope of the V a -V g lines, being equal to 
AF a /AF ff along a constant current line. 

Experiment 48. The Anode Characteristics of a Triode 

These characteristics show the relation between the anode 
current I a and the anode voltage V a for fixed values of grid 
voltage V g . Although they may be obtained from the mutual 
characteristics, it is preferable to determine them in a separate 
experiment. The circuit is the same a^ in Fig. 61, except 
the arrangements for providing the grid voltage, which may 
now be obtained from a grid bias dry battery simply. First, 
with V g — 0, i.e. with grid connected to the negative filament 
terminal, the values of I a are observed when V a has nominal 
values 12, 24, 36, 48, 60 ... 120 volts. The actual values 
of V a must be measured. In order to obtain* the smaller 
values from a H.T. battery on which these tappings are not 
marked, the negative H.T. lead is placed in the 48- or 60- volts 
socket and the positive lead taken to a higher voltage socket, 
e.g. using the 48 and 72 sockets will give 24 volts (nominal). 
Other sets of readings are taken when V g is fixed at — 1*5 
and — 3 volts and a few readings for such values of V a as 
will keep the anode current below 10 mA may be taken with 
V g — + 1*5 volts. As before, the H.T. battery should be 
disconnected when a change is made in V g . 

From the readings, the anode characteristics are plotted 
with I a as ordinate and V a as abscissa, their general form 
being shown in Fig. 63. After the initial curvature, they 
.consist of practically straight parallel lines. On the straight 
part of one of them a triangle XYZ is drawn with XZ parallel 
to the axis of I a and YZ parallel to the axis of V a . Measuring 
YZ in volts and XZ in mA and converting to amperes, the 
differential or ‘‘slope'' resistance in ohms is found from 

4 r r yw 

R == . This is sometimes called the A.C. (anode 

A I a XZ 

characteristic) resistance of the valve. 
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If the experiment has been made with the same valve as 
that used for the mutual characteristics, the relation fi 
= g x R a can be tested. If not, then g may be found by 
noting on the anode characteristics the change in I a due to 
changing V g by 3 volts (from — 1*5 to -f 1-5 volts) at a 
constant value of V a9 say 60 volts, and working out 



Fio. 63. Anode Characteristics of a Triode 

g = A I a l&V g . The relation fi — g x R a may then be used 
to calculate fi. 

It is usually of interest to compare the measured values of 
g, j R a , and p with those given in the makers’ catalogue. 

Experiment 49. The Dynamic Characteristic of a Triode 

The characteristics obtained in the last two experiments 
are called static characteristics. When a load, such as a 
resistance, is included in the anode circuit, as in an amplifier 
stage, the I a -V a characteristic of the valve with load is called 
the dynamic characteristic and is different from the static 
characteristic, as will be shown in this experiment. 

Considering the circuit of Fig. 64, when the anode load 
resistance R is included, there is a drop of volts across it 
equal to R x I a and therefore, with a constant H.T. voltage, 
the anode voltage is less by this amount, and decreases as 
I a increases, i.e. as the grid voltage is increased. 

In the circuit shown, the valve is an Osram H.L.2 ahd the 
anode load is 30,000 £2, which may be shorted by a switch. 
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The grid bias is provided by a potential divider with its fixed 
end terminals connected to a 6- volt accumulator and with 
its slider connected to the grid, V Q being measured by the 
0-10 voltmeter as shown. 

A static mutual characteristic for V a = 100 volts is first 
determined. Fixing V a at this value, the resistance is shorted 


R«30000fl 



Fio. 64. Circuit for Dynamic Characteristic of a Triode 


by closing the switch and then readings of anode current for 
V g = 0, — 1, — 2, . . . — 6 volts are taken. From these 
readings the static characteristic shown in Fig. 65 is drawn. 
When the valve with R included is used as an amplifying 
stage, the swing of voltage on the grid will take place about 
a point P y called the operating point and chosen generally 
so that the grid never becomes positive.. Suppose the oper- 
ating point is at V g — — 2 volts. Then the corresponding 
point on the characteristic is Q, and, in order to investigate 
the action of the amplifier, the dynamic characteristic through 
Q is required. At this point, with R = 30,000 Q, the anode 
voltage is to be 100 volts. The H.T. batter}^ voltage must 
therefore be increased to a value V given by V — 100 + 30,000 
X I a) where I a is the anode current at the point Q. 

Opening the switch, so that R is included, the H.T. voltage 
is adjusted to this calculated value (by the addition of a 
portion of a second battery) and the readings for the dynamic 
characteristic may now be taken. V g is set, as before, at 
0, — 1, — 2, . . . — 6 volts in turn and the anode current 
read. The dynamic characteristic SQT is then drawn. 

It will be seen at once that the effective mutual conductance 
g - M n /&V g is smaller than in the static case. Its value 
should be calculated. The larger R y the smaller will be this 
effective mutual conductance. 
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A further experiment may then be carried out to show the 
relative phases of grid voltage, anode voltage, and anode 
current when the grid voltage is taken through a cycle of 
changes. If the slider of the potential divider is moved to 
and fro to give in turn the following values of V g : — 2, 
— 0*6, 0, —0-6, —2, —3*4, —4,.— 3*4, —2 volts, these 



Fig. 65 . Dynamic and Static Characteristics of a 
Triode with Resistive Load 


correspond to the voltages on the grid when a cycle of sine 
waveform (shown below the axis in Fig. 65) is divided into 
8 equal parts. 

Setting V g at these values, the anode current is measured 
at each and thus the cycle of anode current shown on the 
right may be plotted. The anode voltage at each point may 
be calculated from the known values of H.T. voltage, the 
anode current and R. These, being plotted on a similar base, 
will give the cycle of anode voltage as shown. The curves 
obtained confirm two very important results which apply 
when the anode load is a resistance : (i) I a and the voltage 
across R are in phase with V gi (ii) V a and V g are in opposite 
phase. 
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Experiment 50. The Grid Characteristics o! a Triode 

A grid characteristic shows the relation between the grid 
current I g and the grid voltage V g for a fixed value of anode 
voltage V a . In order to obtain a grid current, the grid voltage 
will have to be positive, say up to 1 volt. Although the grid 
current is small, being measured in micro- amperes, its effect 
on the input circuit to the grid of a valve used as a detector 
or oscillator is a very important consideration. 

In this experiment, two grid characteristics are determined, 



Fig. 66. Grid Characteristics of a Triode 


one with V a — 0 and the other with V a — 24 volts, thus 
showing the effect on I g when the valve takes anode current. 

It will be necessary to use a suitable microammeter to 
measure I g . This may be a moving-coil galvanometer for 
which the current per division deflexion (say 4/* A/division) 
is known, or an Avometer Model 7 on its smallest current 
range which is 2 mA per 100 divisions, or 20 /^A/division. 
The circuit is shown in Fig. 66 (a), the grid voltage being 
provided by a potential divider of 24 £2 connected to a 2-volt 
accumulator, and measured by the 0-3 voltmeter as shown. 
A suitable valve is a Tungsram S. P.220, taking 2 volts on the 
filament. Any similar small power triode w r ould be satisfactory. 

For the measurements at V a = 0, the anode and negative 
filament terminal are connected and observations of I g are 
made with V g at values between 0 and 1 volt, increasing by 
steps of 0*1 volt. The grid current reading must be taken 
very carefully. 

Secondly, V a is made equal to 24 volts by the introduction 
of a H.T. battery and a further series of readings of I g made 
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at the same grid voltages. The characteristics may now be 
plotted and will be of the form shown in Fig. 66 (6). 

It will be noticed that the characteristics are curved in 
the region near the origin, thus making grid detection possible, 
and also that for a given grid voltage, the grid current is less 
when anode current flows. Not only is the current less, but 
the slope of the characteristic is smaller, indicating a larger 
differential resistance in the grid circuit. The values of this 
resistance (= AF y /A I g ) at V g = 0-5 volt should be calcu- 
lated by drawing a tangent to each curve at the appropriate 

points. One such tangent is 
shown 'in the diagram. When 
a tuned circuit is connected 
to the grid, and grid current 
flows, this resistance is in 
parallel with the tuned circuit 
and causes damping, with con- 
sequent reduction in the effec- 
tive magnification Q of the 
circuit. 

Experiment 51. Cathode Bias 
Resistance 

It is often desired to have a 
grub bias voltage which is not 
fixed, but which adjusts itself to the working conditions of a 
valve. A self-adjusting negative bias of this kind can be 
obtained very easily with an indirectly-heated valve by 
connecting the grid to the earth line and placing a resistance 
R between cathode and earth, as shown in Fig. 67. The total 
anode current I fl passes through R so that the cathode is positive 
with respect to the grid, i.e. the grid is negative with respect 
to the cathode, the negative bias voltage being then equal 
to R x J 0 . Its value therefore depends on I a and increases 
as I a increases. The bias is required to be steady and, there- 
fore, if the anode current has an alternating component as 
in an amplifying stage where an alternating voltage is applied 
to the grid, a 16 /*F electrolytic condenser is connected in 
parallel with R to by-pass the low-frequency component. In 
the figure, this condenser is shown by dotted lines as it is 
not required for the experiment. 

The advantages of biasing by a cathode resistor are : (i) The 



Fig. 67 . Circuit for In- 
vestigating Cathode 
Bias Resistance 
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bias is self-adjusting to a large extent; if I a is larger 
than normal, the negative bias will be greater, thus tending 
to reduce I a . (ii) If the H.T. voltage varies, compensating 
changes are produced by a change in the grid bias. 

A valve suitable for the experiment is an Osram M.L.4. 
It has a 5-pin base, the centre pin being connected to the 
cathode, while the usual filament pins are connected to the 
heater. This heater is supplied from the 4-volt winding of 
an A.C. mains transformer. The bias resistance R is taken 
from a resistance box or a set of wireless resistors. 

Using the nominal 100-volt tapping on the H.T. battery, 
the anode current is observed for about 15 values of R suitably 
spaced between 0 and 2000 Q. At each of these values, the 
negative grid bias V g — R X I a is calculated. Measurements 
of the same kind are made with H.T. 80 volts and 120 volts. 
The true values of the H.T. battery voltage should be 
measured in each case. 

From the results, the I a -V g characteristics at constant 
H.T. voltage F can be plotted. These curves are neither the 
static mutual characteristics (which would show the I a -V g 
relation at constant V a ) nor the dynamic mutual character- 
istics (which would show the I (t -V g relation with R constant 
as an anode load), but they do represent the operating condi- 
tions of the valve with bias resistance. It will be noted that 
the bias necessary for anode current cut-off cannot be reached 
with this circuit. 

Having drawn the curves, the effective valve constants 
may be found thus : (a) Using the curve for the highest value 
of F, draw a tangent to it at V g = — 1 volt and determine 
the mutual conductance g = A/ c /AF g at this point; (b) 
taking points on the curves for the highest and lowest values 
of F used, at 12 mA in each case, calculate the amplification 
factor fi — A F a /AF g (when I a is constant). In order to 
obtain the proper value of F w , it will be necessary to correct 
the two values of F for the voltage drop in R in each case ; 
(c) the anode resistance R a is then calculated from R a — fi/g . 

Experiment 52. The Characteristics of a Tetrode or Screen-grid 
Valve 

A tetrode has four electrodes. To convert a triode into a 
screen grid tetrode, an additional grid is placed between 
control grid and anode. Its purpose is to reduce the capacitance 
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between anode and control grid which would otherwise 
cause a high-frequency amplifying circuit employing a triode 
to pass into oscillation. The screen grid is kept at a fixed 
positive potential less than V ai usually at about 60 volts. 
Its introduction causes considerable changes m the anode 
characteristics and constants of the valve. The experiments 
will show the more important of these changes, of which a 
short explanation will be given later. We shall use V s for 
screen voltage and I s for screen current. 



Fie. 68. CmcriT for Anode Characteristics of a Tetrode 

(a) The I a -V a and I H ~V a Characteristics 

Since the screen is at a positive potential it will take a 
part of the total space current, the anode taking the remainder. 
The two characteristics mentioned are therefore intimately 
related and they may be determined in one experiment. In 
this experiment \\ is to be fixed at 60 volts and in any set 
of measurements the control grid voltage V g is maintained 
constant. The circuit is shown in Fig. 68, and is the same as 
that used for determining the anode characteristic of a triode 
with fixed grid bias, with the addition of a milliammeter 
(0-5 mA) in the screen lead which is taken to the 60- volt 
tapping of a H.T. battery. For the purposes of this experi- 
ment, a separate H.T. battery for the screen is convenient. 

The valve (which may be an Osram 8.23) has a top cap 
which is generally the anode terminal, the screen being con- 
nected to the usual anode pin in the base. (The arrangement 
of the terminals in a multi-electrode valve should always be 
checked from a catalogue before connecting, as there is no 
standard practice which is universal.) 

Care must be taken that the H.T. lead to the top cap does 
not fall on to the metallizing of the valve. Before commencing 
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any measurements, it is advisable to test the various tappings 
of the anode H.T. battery and to recofd the values of the 
voltages for each tapping. This will ensure that no section 
of the battery to be used is faulty and will give the values for 
plotting the characteristics. 

Setting the control grid bias at — 1*5 volts, and the screen 
voltage at 60 volts, the anode and screen currents are observed 
as the anode voltage is increased in small steps from 0 upwards. 
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Fig. 69 . Anode Current and Screen Current Characteristics 
of a Tetrode 


These steps should be 6, 12, 18, . . . 120 volts. In order to 
obtain the smaller values, the negative anode battery lead is 
taken to the 60- volt tapping, from which these steps upwards 
may be obtained. After reaching V a — 60 volts, the negative 
lead is transferred to 0 and the positive to 66, 72, . . . 120 
volts. 

A second set of readings of I a and I s is then obtained at the 
same values of V a with V g = 0, i.e. with control grid connected 
directly to the negative filament terminal. 

The I a -V a and I s -V a characteristics should then be plotted 
separately, to avoid confusion, although one of the latter, 
say that for V g = 0, should later be plotted on the I a — V a 
graph so that the relation between I n and I s can be shown. 
The curves will be as shown in Fig. 69. Considering first the 
straight parts of the I a -V a curves such as CD, which is the 
normal operating region with the valve, it will be seen that 
the anode characteristic resistance R a (== AF 0 /A/ 0 ) is very 
large. Its value should be calculated. Secondly, using two 
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points at the same V a in this region, one on the curve for 
V g = 0 and one on the curve for V g = — \ 5 volts, the mutual 
conductance g (= AI^/AF^) is calculated. It will be found 
to be of the same order as for a triode. Having calculated 
g and R af the amplification factor fx = g x R a is calculated. 
The large value of /u is one of the most important features of 
the screen grid tetrode. 

The portion AB of the curve, showing a decrease in I a 
with increase in V a , implying a negative resistance, is due 



Fig. 70. To Determine Mutual Characteristics of a 
Tetrode at Various Screen Voltages 


to secondary emission of electrons from the anode and their 
attraction to the screen when its potential is greater than V a . 
Increasing V a gives greater velocity to the primary electrons 
which then produce a greater number of secondary electrons. 
The anode thus loses more electrons than it gains. 

Lastly, it will be seen that the screen current I n alters in a 
direction opposite to that of l a as V a is increased. Adding 
together I a and /, gives the total space current /. This should 
be done at a few points, giving the dotted curve shown in 
Fig. 69. The total current is practically independent of F a , 
owing to the efficient screening of the anode by the screen grid. 

(b) The Mutual Characteristics 

As for a triode, these show the relation between I n and V g , 
but in the case of the tetrode, the screen voltage as well as 
the anode voltage is constant for any one curve. 

The purpose of this experiment is to show how the mutual 
characteristics, and hence the value of g, depend on the screen 
voltage with V a fixed. The circuit is shown in Fig. 70, V a 
being obtained from a potential divider connected across a 
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4-volt accumulator and measured by a voltmeter (0-5 volts) 
as in previous experiments. V a is fixed at 120 volts and the 
screen voltage is set at 72, 60, and 30 volts in turn. 

At each value of V s , the anode current is measured for 
control grid voltages V g = — 4, — 3*5, — 3, . . . up to 0 volts. 
From the readings, three characteristics are plotted, one for 
each screen voltage, and the value of g is calculated in each 
ease from the slope of the curve at V g = — 1 volt. 

The mutual conductance, and hence the amplification factor, 
will be found to depend 


on the screen voltage. 
This is used, in some 
radio-frequency ampli- 
fiers, for controlling the 
gain of the amplifier by 
altering the screen 
voltage. 

Experiment 53. The 
Anode Characteristics 



of a Pentode 


Fio. 71. Circuit for Anode 


The addition of another Characteristics of a Pentode 


grid between screen grid 

and anode of a tetrode converts it into a pentode or 5-electrode 
valve. If this additional grid is connected to the filament, 
and is thus at the same potential as the filament, the effects 
of secondary emission, causing the kink in the tetrode charac- 
teristics, are absent. The grid is therefore called a suppressor 
grid. The object of this experiment is to obtain the anode 
characteristics of such a valve for various values of V gi the 
screen voltage V $ being fixed. An Osram W.21 valve will 
serve for this purpose. It has a top cap, which is the anode 
terminal, and a 4- pin base, the screen grid being connected 
to the usual anode pin. The suppressor grid is connected 
internally to the filament. As with any metallized valve 
having a top cap, care must be taken to prevent., the H.T. 
lead from falling on to the metallizing. The filament current 
is supplied by a 2-volt cell. 

Before connecting the circuit shown in Fig. 71, the voltages 
at the various tappings of the H.T. and grid bias batteries 
should be measured. These are used in place of the nominal 
values referred to in this description. The anode current is 
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measured by a milliammeter (0-5 mA) or by an Avometer 
on a suitable range (which may be changed for those charac- 
teristics where the current is small). 

Setting V s at 90 volts, readings of I a are taken for anode 
voltages 0, 12, 24, . . . up to 120 volts, with the control grid 
at V g = — 6, — 4*5, . . . 0, -f- 1*5 volts in succession. 

On plotting the I a — V a characteristics for the various 



Va 


Fig. 72 . I a ~V a Characteristics of a Pentode 

values of V g , they will be found to have the form shown in 
Fig. 72. It will be clear that the negative slope associated with 
the tetrode is absent and that the slope resistance, which 
should be roughly calculated over the working range V a 
= 90-120 volts, is very large indeed, I a being practically 
constant in this region. The pentode is thus often used as a 
constant current device. The value of the mutual conductance 
g (— AlJ&Vg) should also be calculated from points on the 
curves at V a — 100 volts. If this is done for A V g = — 1*5 to 
0 volts and for &V g — — 4*5 to — 3 volts, the two values of 
g will probably be found to differ, showing that the value of 
fi depends upon the position of the operating point and on the 
extent of the swing of grid voltage. 

Experiment 64. Mutual Characteristics ot a Variable Mu Valve 

A pentode may be designed in such a way that the anode 
current does not have a well-defined cut-off point as the 
control-grid negative bias is increased, but tails off as larger 
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negative values of V g are applied. This is accomplished by 
making the spacing of the control grid non-uniform. 

Such valves are used where it is required to control the 
amplification by varying the control-grid voltage. An Osram 



1 METALLISING 

2 CONTROL GRID 

3 SUPPRESSOR GRID 

4 HEATER 

5 HEATER 

6 CATHODE 

1 SCREEN GRID 
TOP cap: ANODE 


Fig. 73. To Determine the Mutual Characteristics of a 
Variable Mu Valve 


VMP4G is a valve of this type and its mutual characteristics 
at various screen voltages are determined in this experiment. 
This valve is indirectly heated and has a 7-pin base as well 
as a top cap, so that great care is necessary in connecting up 



Vg 


Fig. 74. Mutual Characteristics of a Variable Mu Valve 

the circuit, shown in Fig. 73, where the base connexions are 
also indicated, the view being, as in all such diagrams, that 
obtained by looking at the pins from the underside of the 
base. 
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It should be noted that each electrode is available at a 
separate terminal, so that the suppressor grid must be con- 
nected externally to the cathode. The heater may be con- 
nected to a 4-volt battery or to the 4-volt winding of an A.C. 
mains transformer. Larger negative grid bias than usual is 
to be applied, requiring a grid bias battery 0-15 volts, with 
tappings at 1*5 volts intervals. 

Keeping V a fixed at 120 volts and V s at 60 volts in the first 
set of measurements, readings of I a are made for various grid 
voltages V g from 0 to — 15 volts,' using each tapping point 
of the grid battery. This gives one mutual characteristic. 

Similar measurements are then made with the screen 
voltage at 90 volts and at 100 volts, and further characteristics 
plotted for these cases. They will be of the general shape 
shown in Fig. 74. 

Taking points at V g = — 6 volts and — 1-5 volts on one of 
the curves, the value of g at each is found by drawing tangents 
to the curve at these points and calculating &I a //±V g from 
the slope of each. 

Experiment 55. The Characteristic of a Mercury-Vapour 
Diode 

The mercury-vapour diode is used as a rectifier in power 
packs supplying direct voltage from an A.C. supply when the 
power required, for a given anode potential, is greater than 
that which can be handled by an ordinary diode. The valve 
contains a small quantity of mercury, which, at the low pres- 
sure existing in the bulb, vaporizes when warmed by the 
heating of the filament. When a voltage is applied between 
anode and filament, the electrons emitted in the ordinary way 
from the filament move through the vapour with a speed 
which increases as the voltage is increased. Electrons which 
have fallen through a potential difference of 10-5 volts or 
more have sufficient energy to ionize the mercury atoms, 
knocking out an electron and leaving a heavy positively- 
charged mercury atom. This process is accompanied by the 
appearance of a greenish -blue glow in the tube. The positive 
ions are attracted to the filament and tend to neutralize the 
space charge round it, thus making available the total emission 
of the filament to provide the current through the tube. The 
current is then no longer space-charge-limited and, according 
to the rating of the valve, may reach 200 to 300 mA. 
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In using such a valve, two precautions must be observed — 

(i) the filament current must be switched on for at least 
half a minute before applying the H.T., and similarly the 
H.T. must be switched off first, 

(ii) the voltage across the valve must not be allowed to 
exceed 20 volts, otherwise bombardment by the positive 
ions will cause the filament to disintegrate. 

A large change in anode current takes place when ionization 

mA 
20 
la 
10 


0 6 12 VOlts 

(b) V a 

Fig. 75. (a) Circuit for I a - V a Characteristic of a Mercury- 
vapour Diode; ( b ) A Typical Characteristic 

commences, making it necessary to take great care in the 
choice of ammeter ranges ; 

(a) The I n -V a Characteristic 

With this valve, it is essential to use a resistive anode load 
when determining the characteristic and to calculate the 
value of V a as shown below for each value of I a . The circuit 
is shown in Pig. 75 (a), which applies to an Osram GU50 
valve, taking 4 volts on the filament. A rheostat of 1000 £1 
capable of carrying £ amp. forms the anode load R and the 
supply voltage is obtained from a 24-volt battery of accumu- 
lators connected to a potential divider from which a fraction 
is tapped to give V volts applied to the valve circuit. For 
convenience in a later experiment, this potential divider may 
have a total resistance of 750 £2 capable of carrying Jamp. 
Switches should be inserted in filament and anode leads as 
shown. The reading of V must be taken when the anode 
current is flowing, this current being measured by a universal 
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meter having several mA ranges, the lowest being preferably 
0-1 mA. 

Switching on first the filament current and then, after half 
a minute, the voltage V and starting from V = 0, the anode 
current is measured for values of V up to 12 volts in steps of 
about 3 volts. The milliammeter range will probably have 
to be 0-1 mA for the early readings, but the instrument 
reading must be carefully watched and a higher range switched 
in as required. From V = 12 volts, the steps should be about 
l volt each to V = 14 volts and then steps of 1 volt to the 
24- volt maximum. 

At each value of F, the volts drop V a across the valve is 
calculated from 

y a — V-I a .R-v 

where R — 1000 Q and v = volts drop across the milliammeter. 
The resistance of the milliammeter on the various ranges used 
is therefore required for a precise calculation of V a , but it 
will be found that generally v never exceeds 0-1 volt. 

On plotting the characteristic, a curve similar to Fig. 75 (b) 
will be obtained. After ionization commences, the voltage 
across the valve falls slightly with increasing current and 
then remains constant at about 11 volts. 

(6) Measurements with Larger Currents 

The voltmeter and milliammeter ranges are changed to 
100 volts and 100 mA respectively and then, setting V at 0, 
the 24-volt battery is replaced by the D.C. mains, making 
sure that the polarity is correct and that the mains leads are 
connected to the ends of the potential divider, and not to the 
slider. Corresponding readings of F and I a are then taken 
at V = 0, 10, 20, . . . 100 volts. In each case the volts 
drop across the load R is worked out from V K = I a X R 
and then a graph is plotted to show the relation between 
V R and V. It will be found to be a straight lihe which, when 
produced backwards to cut the axis of F, will enable, the 
striking potential of the valve to be deduced. 



CHAPTER VII 


VALVE AMPLIFIER AND OSCILLATOR CIRCUITS 
AT AUDIO-FREQUENCY 

Before proceeding to any measurements with valve circuits, 
a further examination of the cathode-ray oscillograph is 
desirable, as this instrument will be used extensively in 
experiments to be described in this and the following chapters. 
The Cossor double-beam oscillograph is selected because it 
appears to form almost a standard part of the equipment of 
any radio laboratory. This does not imply that other makes 
are not equally useful for many of the tests. 

Experiment 56. The Cossor Double-beam Oscillograph 

The main object of the experiment is to observe the use 
and purpose of the various controls of this oscillograph. A 
few simple observations are described to illustrate the most 
important points. As explained in Experiment 34, the chief 
application is in delineating voltage wave forms. 

(a) General. The supply for the oscillograph is the 230-volt 
A.C. mains. The intensity and focus of the beams are con- 
trolled by the dials marked brilliance and focus. Deflexions 
of the spots in the X and Y directions are obtained by applying 
voltages to the appropriate plates. In the double-beam instru- 
ment, deflexions in the X direction are the same for both 
beams, but the Y deflexions may be controlled independently, 
an arrangement which is very useful when it is desired to 
observe two simultaneous quantities such as current and 
voltage between which a phase difference exists. X and Y 
deflexions due to external voltages are obtained by connecting 
these voltages to the X , Y Xi and F 2 terminals. When the 
Y t and l r 2 terminals are used, the switcn at the bottom centre 
must be turned to plates, D.C. or A.C., according to the 
type of voltage applied. The voltages to be applied to the 
Y plates may, however, be amplified first by amplifiers 
contained in the instrument. In this case leads are taken to 
the A x and ^4 a terminals (instead of and Y 2 ) and the switch 
is turned over to amplifiers, Y x Y 2 . 

(b) Horizontal or X Deflexion. The X shift control moves 
the spot or trace in the X direction to any desired position. 
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The remaining X controls are concerned with the Time Base . 
By means of a circuit in which a condenser is charged at a 
uniform rate and then suddenly discharged, the spot is made 
to move across the screen from left to right with a constant 
velocity and then to fly back to its original position. This 
action is continued and we thus obtain a time base on the 
X axis. The speed with which the spot moves across is 
controlled by the switch marked condenser, and by the 
dial marked velocity, the former giving coarse adjustment 
by steps and the latter fine adjustment. Increased speed is 
obtained by turning these controls in a clockwise direction. 
The extent of the time base is controlled by the dial marked 
amplitude. The other time- base controls are those marked 
trigger and syn (or synchronizing), trigger varies the 
time of the flyback and may thus be considered as a very 
fine adjustment of the velocity. The terminal marked syn 
is connected internally to a circuit by means of which a 
fraction of the applied signal (or voltage) is fed to the time- 
base circuit and enables the time-base to be synchronized 
or locked with that signal. The dial marked syn controls 
the amount of this feed-back and, in use, should be set at the 
minimum necessary to achieve synchronization so as to 
prevent distortion. The syn terminal should be connected 
by a link to the Y l terminal both when the signal is applied 
to the l r j terminal and when it is applied to the A x terminal. 

(c) Vertical or Y Deflexion. The two concentric controls 
marked Y x shift and Y 2 shift move the beams to which 
they refer in the Y direction as desired. When first using the 
instrument, see that these controls are set at about the middle 
of their range ; the beams will then be near the centre of the 
screen. The A x gain and A 2 gain controls affect the gain 
obtainable with the amplifiers (when the signal is applied 
to the A x and A 2 terminals, with switch at amplifiers Y x Y a ). 
The amplitude of th^ Y deflexion of both beams is thus 
controllable. 

The other positions of the amplifier switch, viz. amplifiers 
2 Y x and 2 HF Y v are' used only when the voltage to be investi- 
gated js very small. In the 2 Y x position, the two amplifiers 
are connected internally to form a two-stage amplifier oper- 
ating on the Y x beam only, the signal being applied to the 
A x terminal. At the same time the Y 2 deflexion is available 
without amplification if desired. For the 2 HFY X position 
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a similar state of affairs obtains except that the anode loads 
of the amplifiers are adjusted to enable weak radio signals of 
from 2 to 5 Mc/s to be examined. The gain available in this 
last position is, however, somewhat reduced. Great care is 
necessary in using the instrument on these two last-named 
switch positions. 

(d) Additional Controls. At the top centre of the front panel 
will be seen a number of 
sockets marked Y 2 attenu- 
ator, X 1, X 2, etc., ar- 
ranged around a central 
socket and provided with a 
small connector link. By 
setting the connector link 
between the centre socket 
and one of the outer sockets, 
the voltage applied to the l r 2 
plates may be reduced to h, 

J, etc., of that on the \\ 
terminal. In normal work- 
ing the link should be set 
between the centre and x l 
sockets. 

There are also two sockets 
marked coils and provided 
with a small two-pin plug. 

These points connect to de- 
flector coils set within the 
instrument on either sidq of the tube to give a magnetic 
deflexion of the beams when it is desired to measure current 
directly (and not by taking a voltage from the ends of a resis- 
tance). No use will be made of the coils in these experiments. 

(e) Observations. After examining the various controls 
mentioned above, their use may be investigated by fitting 
up a variable condenser (0-1 //F) and a rheostat (1000 £1) in 
series on the A.C. mains as shown in Fig. 76 (a), in which 
the leads are taken to the oscillograph terminals indicated. 
Tests may then be made of the various controls, in turn, 
special attention being given to the time- base controls. The 
phase difference of 90° by which the current through the 
condenser leads the volts across it may be demonstrated by 
arranging the two traces to be stationary, with their X axes 
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Fig. 76. (a) Circuit for Tests on 
Oscillograph Controls; (b) Neon 
Lamp Time -base Circuit 
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coincident and with approximately equal amplitudes, measure- 
ments being made on the graph-ruled screen of the w wave- 
length 5 ’ of the trace and the displacement of one trace with 
respect to the other. 

Another way of using the oscillograph for investigating 
voltages with a phase difference of 90° may also be shown 
with the phase-splitting circuit of Fig. 76. Switching off the 
time base, the voltages across the condenser and the resistance 
are applied to the X and Y x plates respectively. The trace 
will then be an ellipse, which may be reduced to a circle by 
adjustment of the two voltages applied. 

(/) A Simple Neon Lamp Time-base Circuit . Although now 
replaced by more elaborate circuits, the neon lamp time-base 
circuit serves to illustrate the principles involved. A con- 
denser is charged from the D.C. mains through a resistance, 
in this case a subdivided megohm, and is suddenly discharged 
through the neon lamp when the voltage across it reaches the 
striking potential of the lamp. The discharge stops when the 
extinction potential is reached and then the process repeats 
itself. If the voltage across the condenser were applied to the 
X plates, a time base would be obtained, the speed of which 
would depend on the capacitance and the resistance. The 
ideal voltage for this would have a saw-tooth waveform. It 
is only approximately so with a neon lamp circuit. Fitting 
up this circuit, as shown in Fig. 76 (ft), using C — 0*2 p¥> 
from a variable condenser and R = 500,000 f2 from a sub- 
divided megohm, the lamp will be seen to flash intermittently. 

The waveform may be investigated by taking leads from 
the condenser to the E and Y x terminals of the oscillograph 
and adjusting the time base of the oscillograph in the usual 
way. The effects of altering C and R should be studied, care 
being taken not to reduce R below 50,000 Q. 

Experiment 57. Stage Gain 

In a valve amplifier a small alternating voltage V t is applied 
to the grid of a valve and an alternating voltage V» generally 
greater than V v is developed across an anode load. At audio- 
frequency, this load is either a resistance, a low-frequency 
choke, or a transformer. The ratio of V 2 to V x is the voltage 
amplification ratio or stage gain and may be represented by G. 

In the ^general case G = // ZjZ a where Z = impedance of 
the load and Z a = impedance of the whole anode circuit, 
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ju being the amplification factor of the valve. Two particular 
cases will be investigated, the first in which the load is a 
low-frequency choke and the second in which it is a resistance, 
the frequency being fixed at 1000 c/s. 

In the case of the choke, Z will be very large and nearly 
equal to Z (n so that G app roaches the value fx. In the case 
of the resistance, Z = R and Z a — R + R a where R a — A.C. 
resistance of the valve. Hence ( ' = /uR /( Tfc + R a ). 

In order to obtain amplification without distortion (known 
as Class A amplification), the operating point must be chosen 



HT+ 


HT- 


so that the grid swing of voltage does not extend beyond the 
straight part of the I a -V g characteristic of the valve. Refer- 
ring to the characteristics of the H.L.2 valve, which will be 
used in this experiment, it will be seen that for V a =120 volts 
and V g = — 3 volts as the operating point, an input \\, up 
to about 2 volts (R.M.S.) may be applied without appreciable 
distortion. 

The circuit is sh^wn in Fig. 77, where Z is the anode load. 
The input voltage V x is obtained from a potential divider of 
1000 f I (or a volume control), connected across the terminals 
of a low-frequency oscillator set at 1000 c/s. V x is measured 
by a Taylor meter set on the 0-10 volt A.C. range and it 
should be adjusted to be 1 or 2 volts. The output voltage 
V 2 is measured across Z by a similar instrument on the 
0-100 volt A.C. range with a 2 /uF condenser in series. This 
condenser allows only the A.C. component to pass. 

With H.T. = 120 volts and a low-frequency choke for Z> 
the anode current is observed and a test is made to see whether 
the conditions are those of Class A/. If these conditions hold, 

5— (T>.a75) 
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the anode current should not alter when the input is switched 
an. If there is an alteration, the grid bias must be changed 
or the input voltage reduced. Measurements of V 2 and V x are 
then made for V x — 1, 1*5, and 2 volts, and the stage gain 
VJV 1 calculated. Its value should be compared with the 
amplification factor of the valve. 

Secondly, a resistance R of 20,000 SI is used for Z. It will 
be seen that the anode current is less than with the choke, 
because of the voltage drop in R. In order to obtain the same 
operating conditions as before, additional H.T. is required 
to bring the anode current back to its former value. Measure- 
ments are then taken as before and the stage gain compared 
with the value calculated from G = /liR/(R -f- R a ) where R a 
is known for the valve or may be found at the time by a 
simple measurement of anode current for two different H.T. 
voltages using the valve alone with V Q — — 3 volts. 

A further set of measurements may be made with R — 

60,000 SI. 

Experiment 58. Resistance-capacity and Choke-capacity 
Couplings at Audio-frequency 

These experiments are an extension of the previous experi- 
ment, their purpose being to investigate the action of two 
of the couplings used in the audio-frequency amplifying 
stages of a receiver. Measurements of the gain at various 
frequencies are to be made in the two cases and the causes 
of distortion which may arise in their use are to be observed. 

Two H.L.2 valves are used, the coupling referred to being 
that between the valves where R is the resistance and C the 
capacitance. The circuit is shown in Fig. 78 and may have 
its principal components mounted on a board, with terminals 
where necessary, for the connexion of supplies and instruments. 
Suitable values for the components are shown in the figure. 
The audio-frequency input is supplied by a low-frequency 
oscillator, across the terminals of which is a potential divider 
P consisting of 99,000 12 and 1000 SI in series, the tapping to 
the first valve being from the terminals of the 1000 12. A 
valve voltmeter, V.V., is used to measure the voltage across 
the whole of P ; one-hundredth of it is then the input voltage 
to the first valve. The H.T. for this valve should be about 
160 volts and for the second valve about 240 volts, giving 
V a = about 80 volts and 140 volts respectively. The grid 
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bias is — 1*5 volts on the first and — 4*5 volts on the second 
valve. As in the experiment on stage gain, the output voltage 
V 9 is measured by a universal instrument on a 0-100 volt 
A.C. range connected through a 2 /iF condenser to the anode 
resistance load. In order to investigate distortion, the Y x 
plate of a cathode-ray oscillograph is connected to the end 
of P as shown and the Y 2 plate to the output terminal, the 
E terminal being connected to the common negative lead of 
the circuit. 

Commencing with resistance- capacity coupling and having 



adjusted the valve voltmeter in the usual way, the oscillator 
is set for some definite frequency, say 1000 c/s, and its volume 
control is adjusted until the valve voltmeter reading is 10, 
20, 30 volts in succession, giving an input voltage V x = 01, 
0-2, 0*3 volts. At each value, the output voltage V 2 is measured 
and the gain VJV X worked out. At the same time the oscillo- 
graph traces are observed to ensure that no distortion occurs. 
Similar readings are then made with frequencies of 100, 200, 
500, 5000, and 10,000 c/s. A table should be drawn up showing 
the gain at various frequencies. 

Proceeding to the choke-capacity coupling, the H,T. supplies 
are first disconnected and R is replaced by a low-frequency 
choke. The H.T. for the first valve should now be about 
80 volts, while that for the second valve remains as before. 
Observations are made in exactly the same way and a second 
table drawn up to show the gain at each of the above fre- 
quencies. 

On examining the results, it will be seen that with resistance- 
capacity coupling the gain is practically independent of 
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frequency, while with choke-capacity coupling, the gain 
increases with increasing frequency but it falls off considerably 
at lower frequencies. This accounts for distortion due to 
low-note loss in a receiver. 

Tests may then be made on the causes of distortion at a 
single frequenc}', say 1000 c/s. Connecting a pair of head- 
phones in place of the output voltmeter, the effects of over- 
loading may be studied by increasing the input voltage 
gradually up to 0-4 volt. At the same time the oscillograph 
traces will show the distortion which is also apparent in the 
headphones. 

The effect of feed-back from the anode of the second valve 
to the grid of the first valve, causing instability, may be 
observed by placing one finger on this grid and another on 
the output terminal. The feed-back so produced results in 
* 4 motor- boating . ' ’ 

If the grid resistance It,, is made much larger than the value 
specified, distortion will also be caused because the time 
constant of the C-R,j combination is too great. 

Experiment 59. Transformer Couplings at Audio-frequency 

In this type of coupling, which is frequently used because 
of the high gain obtainable, the primary of a 1 : 3 or 1 : 5 
step-up iron-cored transformer is connected in the anode 
circuit of the first valve, and the voltage across the secondary 
is applied to the grid of the second valve. There arc two 
types of transformer coupling, as described below, and 
measurements should be made with each type. 

(a) The Series-fed Transformer Coupling 

The circuit is shown in Fig. 79. Using the same input 
arrangement as in the previous experiment, a voltage V ly 
equal to one hundredth of that given by a low-frequency 
oscillator set at 1000 c/s, is applied to the grid of an Osram 
H.L.2 valve with — 1*5 volts grid bias. The H.T. supply for 
this valve, in the anode circuit of which is the primary of the 
coupling transformer, should be about 60 volts. The trans- 
former secondary is connected to the grid of an Osram P.2 
(or similar valve), which is a triode power amplifier, with a 
grid bias of about — 9 volts, and anode load of 5000 SI, and a 
H.T. supply of about 240 volts. As before, the output voltage 
V 2 is measured by a universal meter set on the 0-100 volt 
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A.C. range and connected across the load with a 2 ^F con- 
denser in series. 

A double-beam oscillograph connected to the points marked 
Y x , Y 2 , and E will show the input and output waveforms and 
serves to indicate whether there is any distortion. The gain 
V 2 /V i of the amplifier is* measured for inputs of 0-1 and 0-2 
volt at 1000 c/s, and then at 100, 500, and 5000 c/s. The 
gain at the lowest frequency will be found to be poor. 

Observations should also be made of the effect of magnetiza- 
tion of the iron core of the transformer by the direct com- 



ponent of anode current. Setting V l = 0-2 volt at 1000 c/s, 
the H.T. supply to the first valve is increased by steps up to 
about 100 volts. The oscillograph traces will show the dis- 
tortion which occurs as magnetic saturation of the core is 
approached. 

( 6 ) The Parallel-fed Transformer Coupling 

This coupling overcomes the limitation due to saturation 
of the iron core just mentioned. In effect it is a resistance- 
capacity coupling feeding the primary of the transformer, 
the essential changes in the circuit being shown in Fig. 80. 

The anode load A of the first valve is now 50,000 LI and there- 
fore the H.T. supply must be increased to about 120 volts. 
The alternating voltage across this resistance is fed through 
a 0-1 fi¥ condenser to the transformer primary. No change 
is needed in the rest of the circuit. Measurements should be 
made in the same way and at the same frequencies as before, 
the gain being calculated and compared with that of the 
series-fed transformer under corresponding conditions. 
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Experiment 60. The Frequency Response ot Transformers 

As indicated by the results of Experiment 59, the gain in 
a transformer coupling falls off at the lowest frequencies. 
The ideal transformer for coupling would be one giving the 
same amplification over the whole range of audio-frequencies. 



Although a well-made transformer may approach this ideal, 
poorer kinds often fall short of it. The frequency response 
can be investigated by the simple circuit shown in Fig. 81, 
and, if two transformers are available, one being good and 
the other poor, it is instructive to compare their performances. 



Fig. 81. To Measure Frequency Response of a 
Low-frequency Transformer 


An audio- frequency oscillator is used to supply the potential 
divider D from which an input voltage V x of 0-5 volt, measured 
by a valve ^pltmeter, is applied to the grid of an Osram 
H.L.2 valve using — 1*5 volts grid bias. The H.T. voltage is 
adjusted to give an anode current of about 3 mA. The output 
voltage V 2 is measured by a second valve voltmeter (0-100 
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^olts) connected across the secondary of the transformer. A 
2 jliF condenser is connected across the H.T. terminals to 
by-pass the alternating component of anode current so that 
it does not pass through the battery. 

Measurements of V 2 are taken when V x is adjusted to 0-5 
volt at frequencies of 50, 100, 200, 300, . . . 1000, 5000, 
10,000 c/s in turn. These measurements should be made with 
a poor and with a good transformer. The results should be 
exhibited by plotting F 2 /F x against frequency from 0-1000 c/s 
and also, on a separate graph, for the range 1000 to 10,000 c/s. 

Experiment 61. Matching of Load in an Output Stage 

The question of the maximum power which can be provided 
by a source was considered in a simple D.C. experiment (No. 
14) in which it was shown that maximum power is obtained 
when the load resistance is equal to the internal resistance of 
the source. This principle of matching is involved in the 
output stage of an audio-frequency amplifier where the loud 
speaker is coupled by a transformer to the last valve, the 
transformer being a step-dowp transformer in order to deliver 
considerable current at a low voltage. In the experiment, for 
which an output transformer is required with two different 
ratios, say 40 : 1 and 20 : 1, the loud-speaker impedance is 
represented by a resistance R connected across the transformer 
secondary. The power in the load is I 2 R where I is the R.M.S. 
value of the current. If the step-down ratio is T : 1, the 
effective resistance which the transformer gives in the anode 
circuit of the valve (called the reflected resistance) is R x T 2 . 
The maximum power will be obtained when this is equal to 
twice the anode impedance of the valve. The object of the 
experiment is to investigate the variation of output power 
with load, using the two turns ratios mentioned. The experi- 
ments are carried out at a constant frequency of 1000 c/s 
supplied by an audio-frequency oscillator. Fig. 82 shows the 
circuit, the valve being an Osram P.2 or Tungsram S.P.220, 
with a grid bias of — 7*5 volts and H.T. — about 100 volts. 
The input voltage is measured by a universal meter on a 
0-10 volt A.C. range and should be fixed at a steady value of 
2 to 3 volts during the experiment. Across the transformer 
secondary is the resistance R in series with an Avometer on 
the 0-100 mA A.C. range. R should be variable between 
2 and 36 Q. 
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Using first the 40 : 1 ratio, R is set at values between £ 
and 20 £1, proceeding by steps of 2 £1 and, at each value, the 
load current is measured. During this series of readings, the 
input must be kept constant. The power in watts ( W ~ I 2 R 
when I is in amperes) is calculated for each case and plotted 
against load resistance R. If the A.C. ammeter has appreciable 
resistance, this must be included in R. It will be seen that 
there is a maximum value of W at a particular value of R. 



Fig. 82 . Matching of Load in Transformer Octpi t 

COCFLINO 


Calling this value R m , the effective load resistance, equal to 
R m X 40 2 , is calculated. 

Secondly, similar measurements are made, using the 20 : 1 
ratio. In this case the values of R should lie between 4 £2 
and 30 £2. Calculations of W are made as before and the graph 
showing the relation between W and R plotted. The maximum 
power will occur at a different value of R. For a 20 : 1 
ratio, the effective resistance will be R m for this case, multi- 
plied by 20 2 . It will be seen that the effective loads for maxi- 
mum power are the same for the two ratios. 

Experiment 62. The Efficiency of a Class A Power Amplifier 

Amplification under Class A conditions is such as to give 
an undistorted output. Maximum undistorted output will 
be obtained when (i) the load is matched as showr* in the pre- 
vious experiment, (ii) the valve is operated near its maximum 
anode rating, and (iii) the input grid swing does not extend 
beyond the straight part of the dynamic characteristic. The 
efficiency is equal to the ratio of output power to input power 
supplied to the valve from the H.T. battery and is usually 
expressed as a percentage. 
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The experiment, therefore, consists in setting up a valve 
with transformer coupled output under the above conditions 
and in measuring the input and output powers to obtain the 
efficiency. 

Using the same valve and circuit as in Fig. 82, with the 
40 : l transformer ratio and with the addition of a cathode- 
ray oscillograph across R, the value of R is set to that already 
found for maximum power. This value will probably be 
about 4 Q. The grid bias is set at — 15 volts and the H.T. 
voltage increased to 150 volts. Under these conditions the 
anode current will be about 15 mA, giving an anode dissipation 
of 150 X 0 015 = 2*25 watts. The anode rating of the valve 
is about 3 watts, so that if this has not been reached, the 
H.T. may be increased slightly to bring the anode power up 
to nearly 3 watts. Next, the grid input voltage is switched 
on, starting at a low value, and the cathode-ray trace examined 
for distortion. The grid voltage is gradually increased until 
it is the greatest which can be applied without distortion. 
If Class A conditions are maintained, there should be no 
change in anode current. Readings are then taken of anode 
current I a and secondary current /. The output power is 
equal to / 2 X f?, where R includes the resistance of the A.C. 
ammeter. The input power is V X / 0 , where V — H.T. 
battery voltage. The ratio of these, expressed as a percentage, 
gives the efficiency. It will pVobably not be greater than 20 
per cent. If desired, similar measurements may be made with 
other load resistances, such as 2 12 and 8 Q. 

In the case of output valves different from those mentioned, 
the proper operating conditions must be found from the valve 
characteristics supplied by the makers or determined in 
separate experiments. 

Experiment 63. The Efficiency of Class B and Class C Power 
Amplifiers 

In Class B conditions, the negative grid bias of the valve 
is increased to the point of anode-current cut-off, while in 
. Class C the bias is increased still further to twice the value 
for anode-current cut-off. These conditions are not generally 
used in audio-frequency amplifiers, except in the push-pull 
arrangement under Class AB conditions, which is the subject 
of tho next experiment, but they are used extensively (especi- 
ally Class C) in the amplifiers used with radio-frequency 
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transmitter oscillators owing to the large increase in efficiency 
which is obtainable. Measurements at audio-frequency can 
nevertheless b$ made to illustrate the principal considerations 
involved. 

The anode current in these two cases will consist of a series 
of pulses which occur at the input frequency. It will contain 
a number of harmonics in addition to the D.C. and funda- 
mental A.C. components. In order to obtain an output at 
the fundamental frequency, a tuned circuit, into which the 
pulses are fed, must be included in the anode circuit of the 
valve. The anode current then provides the “make-up” 
current to maintain oscillations in the tuned circuit at its 
resonant frequency. The efficiency is that of conversion in 
the anode circuit and is equal to the output power of the 
oscillatory current at the resonant frequency of the tuned 
circuit divided by the input power to the anode of the valve. 
This input power is easily determined by multiplying the 
H.T. voltage, V, by the mean anode current I a . To measure 
the output power accurately is more difficult. If I is the 
oscillatory current in the tuned circuit, and R the effective 
resistance of the circuit under the conditions of operation, 
the output power is I 2 X R. It is the determination of R 
which is not easy, especially at high frequencies. If the 
frequency is low, R may be £aken, without large error, as 
equal to the D.C. resistance of coil f ammeter, or it may 
be measured for the circuit in an experiment similar to that 
of Experiment 42, by determining Q and using the known 
values of L and /. The addition of the anode resistance of 
the valve in parallel complicates the determination at high- 
frequencies. 

It will be clear that if the valve is biased to cut-off, a larger 
input grid- voltage swing will be possible without reaching the 
point at which the grid becomes positive. This permissible 
swing will be still greater under Class 0 conditions. As audio- 
frequency oscillators with large voltage outputs are not always 
available, a 1 : 5 step-up transformer is used to supply the 
grid input V l9 measured by an A.C. voltmeter on the 0-100 
volts range, as shown in Fig. 83. It should be noted that it is 
the peak value of this input which must not exceed the negative 
grid bias. 

If the oscillator is set to give a frequency of 1000 c/s, the 
anode tuned circuit may consist of a coil of 700 to 1000 turns 
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and a 0—1 fi F variable condenser. A thermo-ammeter of 
known resistance and of range 0-01 amp. should be included 
in the condenser branch. 

Using an Osram P.2 valve with H.T. of about 100 volts, the 
grid bias V a is adjusted to Class B conditions (i.e. until the 
anode current is only just perceptible). The alternating input 
is then switched on (when there will be an increase in I a ) 



HT+ 


HT- 


Fig. 83. Circuit for Class B and Class C Amplifier 


and its value adjusted by the volume control of the oscillator 
until its R.M.S. value is about 0-7 x V g . The condenser in 
the anode circuit is then adjusted to give maximum oscillatory 
current /, and readings are taken of / and I a . Having mea- 
sured F, the H.T. battery voltage, the input power V X I a 
is calculated and also the output power I 2 x R, taking for R 
the D.C. resistance of the circuit, which will be sufficiently 
accurate in this case. Thus the efficiency is calculated. 

Class C conditions are then obtained by increasing the 
negative bias to twice the value used for Class B, and simi- 
larly increasing the grid-voltage swing to about twice its 
former value. Readings are taken as before and the efficiency 
worked out. It will be found to be greater than in Class B 
and much greater than in Class A. 

Experiment 64. The Push-pull Output Stage 

In the push-pull arrangement two equal alternating voltages 
180° out of phase with each other are applied to the grids of 
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two similar valves connected as in Fig. 84. The outputs of 
the valves are combined through a transformer having a 
centre-tapped primary. The advantages of this scheme are 
given in any standard textbook on radio-circuit theory. As 
far as this experiment is concerned, the advantages to be 
noted are that magnetic saturation of the output transformer 
core is avoided, and that the output is undistorted even under 
conditions approaching those of Class B, where each valve 
independently would give considerable distortion. 



Each valve is an Osram PX4, which is a power amplifying 
triode taking 4 volts on the filament and capable of an anode 
dissipation of 15 watts, the maximum anode voltage being 
300 volts. Owing to the relatively high anode current, the 
D.C. mains are used for the H.T. supply, using a potential 
divider as shown. It is also advisable to use separate 4-volt 
accumulators for each filament as the filament current is 
large. The input from an audio-frequency oscillator at 
1000 c/s is applied to the primary of the' push-pull input 
transformer, which has a centre-tapped secondary and a small 
step-up ratio. In each grid lead is a resistance of 60,000 il 
to stop parasitic oscillations. On the output side, a 40 : 1 
output transformer is used with centre-tapped primary. 
Across the secondary is a load R of 5 12, the voltage V across 
which is measured by a Taylor meter (0-10 volts A.C. range). 
A cathode-ray oscillograph is also connected across R for the 
purpose of investigating distortion. The total anode current 
is measured by a milliammeter (0-100 mA D.C. range). 

(a) Class A Operation 

With a grid bias of about — 24 volts, but no input, the 
H.T. voltage is gradually increased until the anode current 
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is 60 mA. The oscillator is then switched on and a small 
alternating input applied, noting at the same time the output 
voltage and the waveform on the oscillograph. The input 
is increased until it is just below that necessary to cause 
distortion. Then anode current / a , H.T. voltage V a , and 
output voltage V are measured. The efficiency is calculated 
by dividing the output power,, which equals V 2 /R watts, by 
the input power, which equals V a x I a watts. It will probably 
be found to be about 20 per cent. 



Kio. 85. Tuned-anode Valve Oscillator 


(6) Quiescent Push-pull or Class AB Operation 

Instead of biasing to anode current cut-off as in Class B, 
the grid bias is increased to about — 40 volts and the H.T. 
voltage adjusted, in the absence of alternating input, until 
the anode current is small, say 5 mA. Proceeding as before, 
the oscillator is switched on and the input increased until 
just below that required to cause distortion. Voltages and 
current are measured and the efficiency calculated as before. 
The efficiency will be found to be considerably ' increased, 
possibly up to 40 per cent. 

Experiment 65. A Tuned-anode Audio-frequency Oscillator 

One of the important applications of a thermionic valve is 
its use to maintain electrical oscillations in a tuned circuit. 
The range of frequencies which a valve can handle is very 
large, extending from 0 up to 100 Mc/s. The general principles 
involved in a valve oscillator can be studied at audio-frequency 
by fitting up a tuned-anode, oscillator as shown in Fig. 85. 
In the anode circuit is a tuned L-C circuit, consisting of a 
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coil of 700 to 1000 turns, whose inductance should be known, 
and a variable 0-1 /uF condenser. This circuit is coupled to 
the grid of the valve by the mutual inductance between L 
and the grid coil L\ If an oscillation is started in the tuned 
circuit by the switching on of the H.T. supply, a voltage at the 
oscillation frequency is induced in the grid coil. If this coil 
is so connected that the phase of the induced grid voltage is 
such as to cause the initial oscillation to grow by its effect on 
the anode current, then oscillations are built up and main- 
tained. Their frequency is very nearly the resonant frequenc} r 
of the tuned circuit, viz. / =x 1/2 tt VLC. The conditions for 
oscillation are (i) that the mutual inductance M between 
L and L' shall be greater than a certain value, depending on 
the constants of the tuned circuit and of the valve, the condi- 
tion being gM > CR + AL y where C, L, and R are the 
capacitance, inductance, and resistance of the tuned circuit 
and A and g are the anode conductance (= 1 JR a ) and the 
mutual conductance of the valve, (ii) that the alternating 
grid voltage shall be in anti-phase with the alternating com- 
ponent of anode voltage. 

The circuit should be fitted up as shown, using a normal 
small triode, preferably with a large mutual conductance. 
The coupling coil L f should be of about 1000 turns and should, 
at first, be kept well away from L. C should be set at 0*1 pF. 
In order to detect the presence of oscillations a telephone is 
connected to a third coil which is brought near to L. It is 
also possible to detect the onset of oscillations by the change 
in anode current, which usually increases when oscillations 
commence. Setting the H.T. at a value which gives an anode 
current of 2 to 3 mA with zero grid bias, the coil U is brought 
towards the coil L and the milliammeter is watched for increase 
of current. If nothing happens, U is removed and its con- 
nexions reversed. Proceeding as before, oscillations will then 
be set up as U is brought up. The anode current should not 
be allowed to exceed 10 mA. Audio-frequency oscillations 
will be heard in the phones. 

Having obtained oscillations, a number of general-observa- 
tions may be made, as follows — 

(i) The coupling between L and L f should be reduced and 

increased again, showing that the mutual inductance be- 
tween these coils must be sufficiently great if oscillations 
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are to be maintained. Also, increasing C to, say, 0-3 /*F, 
it will be found that a greater minimum value of M is 
then required. 

(ii) The effect, on the frequency, of altering C is easily 
observed. As C is increased, the frequency of the note 
heard in the phones decreases. A point is reached, however, 
at which oscillations cannot be maintained even with the 
maximum mutual inductance. 

(iii) By adding negative grid bias, say — 1-5 volts, oscilla- 
tions may be maintained at a lower mean anode current. 

Measurements should then be made of the variation of 
frequency with variation of G. Taking a number of standard 
tuning forks whose frequencies are known, the condenser C 
is adjusted until the note in the phones is of the same frequency 
as the fork in each case, equality of frequency being indicated 
by the absence of beats. The frequency, /, calculated from 
/ = ii-iWlc, is then compared with that of the fork. Alter- 
natively, if L is not known, a graph of C against l// 2 may be 
plotted, giving a straight line and thus showing that / is 
proportional to \/VC. From the slope of the line, L, which 
equals I^tt 2 / 2 *?, may be calculated. If C is expressed in 
farads, L will be in henry s. 

Observations may also be made of the oscillatory current 
in the L-G circuit. Disconnecting the H.T. supply, a universal 
meter set on the 0-1 ampere A.C. range is connected in series 
in the condenser arm of the oscillatory circuit. Then, re- 
connecting the H.T. and obtaining oscillations, a measurement 
of the circulating current can be made. G should be adjusted 
to make it a maximum and its relation to the anode current 
should be noted. 

Since the tuned circuit offers a high resistance (its dynamic 
resistance) to currents at the resonant frequency, the tuned 
anode oscillator may be considered as a resistance-coupled 
amplifier which, by reaction, supplies its own input. 

Oscillations are maintained when this reaction is sufficient 
to overcome the* damping of the circuit. 



CHAPTER VIII 

SIMPLE EXPERIMENTS AT HIGH FREQUENCY 

Experiment 66. To Construct and Calibrate a Valve Voltmeter 

Voltage measurements at high frequency are generally made 
by means of a valve voltmeter, the advantages of which for 
this purpose are its very high impedance ami the fact that a 
calibration at low frequency holds for high frequency. 

With a triode, use is made of anode- bend rectification by 
measuring the increase in anode current which occurs when 
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Fio. 86. Valve Voltmeter fine cits 


the alternating voltage is applied to the grid, so biased that 
the operating point lies under the lower bend of the I n ~V g 
characteristic. Two arrangements may be used, the first 
being one which does not require a high-tension battery. 
The circuit for this is shown in Fig. 86 (a). The filament of a 
H.L.2 valve, normally taking 2 volts, has two fixed resistances 
R and P in series with it, through which the filament current, 
supplied by a 6-volt battery and adjustable bv the rheostat 
Q , passes. The voltage across R supplies the anode voltage 
for the valve, and that across P may be tapped by the slider 
to provide the requisite grid bias. 

Suitable values are R = 10 Q, P = 16 Q, and Q = 24 Q. 
The anode current is measured by a sensitive* galvanometer. 
A condenser C of 2 jliF is connected between anode and 
filament to by-pass the alternating component of anode 
current. The alternating voltage to be measured is applied 
across XY. There must be a conductive connection between 
X and T, as otherwise the grid bias cannot operate. 

134 
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Another circuit, involving the use of a H.T. battery, is 
shown in Fig. 86 (b). In this case the filament is supplied by 
a 2-volt cell in the normal way and the grid bias is obtained 
from a grid-bias battery. A suitable H.T. voltage is about 
60 volts, the anode current being measured by a milliammeter 
(0-5 mA). The voltage to be measured is applied at 17. 

Before calibrating, the conditions under which the circuits 
are to operate are fixed, these being usually such as to give a 
small anode current when the voltage applied across X and 



Y is zero. Shorting A r and Y, the sliders on P and Q in the 
first circuit are set at their mid position and the galvanometer 
deflexion noted. If it is more than 1 or 2 divisions, the negative 
grid bias is increased by adjustment of the slider on P and 
then, if necessary, the resistance in Q is increased. In the 
second circuit, the grid bias is set at — 4-5 volts and the H.T. 
reduced until a current of 0-1 mA is obtained. 

Calibration is then effected at 50 c/s by applying to X and 

Y (having removed the shorting wire) various voltages 
between 0 and 3 volts (A.C.) from the 4-volt secondary winding 
of a mains transformer, using a potential divider of constant 
resistance. The arrangement is shown in Fig. 87 (a). Two 
resistances, R x and R 2 in Series, such that R 1 + R 2 = 1000 
are connected across the secondary and leads are taken from 
R x to X and 1\ The voltage V across R x + H 2 is measured 
by an A.C. voltmeter (0-5 volts) whose accuracy can be relied 
upon. In the experiment R x + R 2 is kept constant, so that 
as R x is increased, R 2 is correspondingly decreased. The 

voltage applied to X and Y is ^ — -—t- X V. Various values 

iii + ii 2 
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of Ri are chosen to give approximately 0-2, 0-5, 10, 1-5 . . . 
volts across X and Y , the anode current being read in mA 
or divisions at each value. The calibration curve is then 
obtained by plotting anode current against A.C. volts, as 
shown in Fig. 87 (6). If a micro-ammeter (0-100 /uA) is 
included in the grid circuit, as shown in Fig. 86 (6), the point 
at which grid current begins to flow may be observed. The 
impedance of the valve voltmeter will be reduced under these 
conditions and if full advantage is to be taken of the high 
input impedance of the instrument, it should always be used 
with no grid current. 

The above method may be used to calibrate any valve 
voltmeter in the range 0-3 volts. The accuracy depends, of 
course, on the accuracy of the transfer instrument (the A.C. 
voltmeter) used to determine the voltage across the secondary 
of the transformer. If ranges higher than 0-3 volts are re- 
quired, the conditions must be altered accordingly. It may 
be taken as a sound rule, that before using any valve volt- 
meter, it should be calibrated as above. A calibrating unit, 
set, up on a board, is very useful for this purpose. 

Experiment 67. To Set Up and Calibrate an Absorption 
Wavemeter 

A wavemeter is an instrument by means of which the wave- 
length (A) or the frequency ( f) of high-frequency oscillations 
may be measured. The simple absorption wavemeter consists 
of a circuit containing an inductance and a variable air con- 
denser which may be tuned to resonance, the resonant condi- 
tion being indicated (in chis case) by a valve voltmeter. The 
range of frequencies covered by the wavemeter will depend 
on the value of the inductance and on the range of the variable 
condenser. If the condenser range is 0-0-0005 juF , and the 
coil a 100 turns wireless coil for which L = about \ mH, the 
range of wavelengths covered extends from about 400 to about 
900 metres. The corresponding frequency range is 750 to 

, , 300,000 \ 

390 k«/,. |f.k W. - 

The variable-frequency standard against which the absorp- 
tion wavemeter is to be calibrated is a standard heterodyne 
wavemeter having several ranges, for each of which a cali- 
bration chart is available. This instrument is a low-power 
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high-frequency valve oscillator with several ranges, the range 
desired being selected by a switch and the wavelength being 
adjustable within this range by a variable condenser. Suitable 
L.T. and H.T. batteries are required. This wavemeter is 
coupled to any external circuit by a coupling coil of a few 
turns at the end of a long twin-flex lead. 

The arrangements of apparatus are shown in Fig. 88. The 
absorption wavemeter with a valve voltmeter (0-5 volts) con- 
nected across C is shown on the right and the standard 
wavemeter on the left. The valve voltmeter is first adjusted 
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Fio. 88. Arrangement for Calibration of an Absorption 
Wavemeter 

in the usual manner and the coupling coil is set at about 3 in. 
from the coil L. With C at the mid-point of its range, the 
standard wavemeter is switched on, with its range selector at 
the first position. Its condenser is then slowly turned through 
its whole range, the valve voltmeter being watched for an 
indication of resonance. If no deflexion occurs, the next 
range is used and so on, until a deflexion of the valve voltmeter 
is observed. At this point, the coupling between the circuits 
should be reduced and the standard wavemeter condenser 
dial adjusted very carefully until a maximum voltage across 
the absorption wavemeter is obtained. The wavelength (or 
frequency) is read from the wavemeter s chart and the setting 
of the absorption wavemeter s condenser C is observed. This 
procedure is repeated with C at various settings equally distri- 
buted throughout its range, say at 20°, 40°, . . . 180°. From 
the table of corresponding readings of A (or f) and C, the 
calibration curve for the absorption wavemeter is drawn by 
plotting A (or f) against the reading of C. 

In this experiment, the valve voltmeter is used simply as 
an indicator of resonance. Other suitable indicators are a 
neon lamp or a rectifier with galvanometer across C or a 
low-resistance high-frequency thermo-ammeter in series with 
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L and C. A simple circuit of the second type, using a diode 
as rectifier, is shown in Fig. 89. It may be built as a unit, 
and arranged so that various coils may be used for L , thus 
providing a number of overlapping ranges. 

The valve, which may be a H.L.2 with anode and grid 
strapped together, is connected across the tuned circuit, the 
anode current being measured by a microammeter of range 
0-500 /liA . The calibration of this wavemeter is carried out 
in the same way as described above, using as small a coupling 

as convenient and adjusting the 
standard wavemeter until the 
anode current is a maximum. 

Experiment 68. The Variometer 

In some high-frequency oscil- 
lator circuits, a variable induc- 
tance is used for tuning instead 
of a variable condenser. A vario- 
meter consists of two coils so 
arranged that the inductance is 
continuously variable over a 
certain range, while the resis- 
tance (which increases with frequency) does not change much. 
The two coils are joined in series and arranged so that one 
can be turned inside the other on a common diameter. The 
change in inductance is due to the alteration in the mutual 
inductance M between them. When the axes of the coils are 
at right-angles, M ~ 0 and the total inductance L is simply 
L x + L 2 , the sum of the self- inductances of the two coils. 
At any other angle, the value of L depends on whether the 
action of M opposes or assists L x and L v If M opposes, then 
L = L x + L 2 — 2M , while if M assists, L = L x -f L z + 2 M. 
The reason for the factor 2 will be understood if it is remem- 
bered that a changing current in L x will induce an E.M.F. in 
L 2 , and the same changing current in L 2 will induce an equal 
E.M.F. in L x ; the effect of M is thus doubled when both coils 
carry the same current. If the two coils could be made the 
same size, the minimum value of L would be 0 and the 
maximum value would be four times the self-inductance of 
one coil. In practice, since one coil must move inside the 
other, the minimum L is greater and the maximum L less 
than these values. 



Fig. 89 . Simple Diode 
Wavemeter 
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For this experiment each coil may be of 50 turns, the outer 
coil being about 2 in. in diameter and the inner one slightly 
smaller, a degree scale 0°-180° being so fixed that the angle 
between the axes of the coils may be measured. Across the 
variometer is connected a fixed condenser of 0-0003 //F, the 
whole forming a circuit which may be tuned by varying the 
inductance, the wavelength range being approximately 100 
to 300 metres. 

(a) To Calibrate the Variometer-tuned Circuit 

As in the previous experiment, a valve voltmeter is con- 
nected across the tuned circuit and the coupling coil of a 
standard wavemeter is brought near to the variometer. Setting 
the variometer rotor at about the mid-point of its scale, the 
wavemeter is adjusted, as previously described, until maxi- 
mum response is indicated by the valve voltmeter. The 
coupling between the two circuits should be reduced to as 
small a value as practicable. Proceeding in this wa} r the 
values of A (or f) for various settings of the variometer at 
equidistant points from 0° to 180° over its scale are deter- 
mined. In particular, the points 0°, 90°, and 180° should be 
included. The calibration curve, showing the relation between 
A (or f) and variometer setting, can then be plotted. 

(b) Calculation of the Self-inductance and the Maxi- 

mum Mutual Inductance 

The resonant frequency of a L-C circuit is given by 
/ = 1/27 tV LC , from which it may be shown that A = 188 dVTC 
when A is in metres, L in //H and C in /tiF. Using this relation 
(or the frequency relation) the values of L may be calculated 
at the minimum (0°) and maximum (180°) positions of the 
variometer if the capacitance of the valve voltmeter (about 
10 fifx F) and the self- capacitance of the coils are neglected. 
These values of L are L x + L 2 — 2 M and L x + + 2M , and 

therefore the difference between them is equal to 4 M (M being 
the maximum mutual inductance, occurring when the coils 
are parallel). Having thus calculated 21/, the total self- 
inductance L x + L 2 may be found. 

As a check on this value of L x + L 2 , the value of L at the 
90° position may be calculated from the wavelength at this 
point. M = 0 at 90° and thus L for this position is simply 

+ ^ 2 * 
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Experiment 68. Determination of the Inductance, Self- 
capacitance, Magnification, and Effective Resistance of 
a Coil at High Frequency 

Two main experiments are necessary in order to determine 
the above constants of a coil. In the first experiment the 
resonant frequency (or wavelength) of a circuit containing 
the coil and a variable air condenser is determined for various 
settings of the condenser. The standard instruments required 
are a calibrated high-frequency oscillator or a standard 
wavemeter, and the calibrated air condenser just mentioned. 



Fio. 90. To Determine the Self-capacitance, etc., 
of a Coil 


In the second experiment this condenser is again required, 
together with a calibrated valve voltmeter. The two experi- 
ments will be considered separately, although the apparatus 
is practically the same in each. A wireless coil of 100 turns 
and a variable air condenser of range 0-0 0005 juF are suitable 
for the measurements. 

(a) Inductance and Self-capacitance 

If the coil has inductance L and self-capacitance C 0 , shown 
by dotted lines in Fig. 90, while C is the capacitance of the 
added condenser, the resonant frequency is given by / = 
1/2ttVI/((7 + C 0 ) and the wavelength by A = 1885 VL(6' + C 0 ). 
If A is measured for various known values of C, these equa- 
tions may be treated graphically, as shown later, to give 
L and C 0 . 

The coil and variable air condenser are set up as shown 
with a valve voltmeter across the circuit as an indicator of 
resonance. A standard oscillator or wavemeter is set at some 
distance with its coupling coil near to L, but not too closely 
coupled. With C at the centre of its range, the wavemeter is 
adjusted as in Experiment 07, until the voltmeter reading is 
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a maximum, indicating resonance. This is repeated with the 
condenser set at various points in its range. Corresponding 
values of A (in metres) and C (in fifYF) at each setting are 
found from the calibration charts. The value of A 2 is calculated 


and then A 2 is plotted as ordinate against C as abscissa, as 
shown in Fig. 91. The plotted points will be found to lie on 
a straight line which does not pass through the origin, but 
which makes an intercept OA on the negative axis of C. 

OA is a measure of the capacitance which is present in 


the circuit in addition to 
C , and C 0 is thus read off. 
This value includes the 
capacitance of the valve 
voltmeter, which may be 
taken to be 10 /ll/ll F and 
which should be sub- 
tracted from the value 
read from the graph in 
order to obtain the self- 



capacitance of the coil Fig. 91. Relation between 
alone. The value of L is A 2 and C 


found from the slope of 

the straight line. Since C + C 0 = A 2 /1885 2 L, the slope of the 
line is equal to 1885 2 X L. Drawing the right-angled triangle 
XYZ , the slope is the ratio of XZ , measured in (metres) 2 
to YZ , measured in //F. Setting this ratio equal to 1885 2 X L 
gives the value of L in ^H. 


(6) Magnification Q and Effective Resistance R 

In order to determine the value of Q (= coL/R) for the coil, 
a response curve is determined, using the same apparatus, 
exactly as in Experiment 42, where the measurement was 
made at audio-frequency. Setting C at the mid-point of its 
range, the oscillator is adjusted to the resonant frequency 
and then C is set at various values on either side of resonance, 
the reading of the valve voltmeter being taken at £ach setting. 
Using the calibration charts of condenser and voltmeter, 
the voltage V is plotted against the capacitance C. On the 
response curve, the half-power points, at which V = 0*707 
of the voltage at resonance, are marked. If C = total capa- 
citance at resonance, while AC — change in .capacitance to 
pass from one half-power point to the other, then Q = 2C/AC. 
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If the coil has a large value of Q , l^G will be small and it 
may then be necessary to include a vernier condenser of 
much smaller range, say 0-20 ///eF, in parallel with C, and 
to make small changes in C by adjustments of this vernier 
condenser. 

Since Q — toL/R and L and Q have been found, R may 
be calculated if the value of o> at resonance is known. If / 
is the resonant frequency and A the corresponding wavelength 


in metres, «j = 2nf = 


2n x 300,000. 

r 


Experiment 70. The Band-pass Filter 

When a circuit is required in which the response is the 
same over a band of frequency, instead of falling off on either 


STANDARD^! 

OSCILLATOR 

(WAVEMETEfA 



Cii 



Fig. 92 . Bash -pass Filter Circuit 


side of the resonant frequency as in a simple tuned circuit, 
two tuned circuits are used, coupled together. The purpose 
of this experiment is to set up such a circuit and to investigate 
how the response curve depends on the degree of coupling 
between the two parts. 

Two equal coils, say of 100 turns each, are required for 
the experiment, and they must be capable of being set at 
various distances apart so that the coupling between them 
can be altered. This may be done by using a double-coil 
holder whereby one coil may be swung away from the other, 
or by having the coil holders arranged so that they slide along 
a grooved base, thus keeping the coils parallel. To one of 
the coils is added a small coupling coil of a few turns set at 
some distance from the tuned circuits, for the purpose of 
injecting a § voltage into one of them. The coupling coil of a 
standard wavemeter or oscillator is set near this small coil. 
Across the inductances L x and L 2 are connected variable air 
condensers (0-0 0005 /iF) and a valve voltmeter is available 
for connexion across either circuit as desired. Setting each 
condenser at the mid-point of its scale, the wavemeter is 
switched on and set at approximately the resonant frequency 
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of each circuit independently, using the valve voltmeter 
across one circuit while the other is broken. Next* the two 
circuits must be tuned to the wavemeter frequency more 
exactly. This cannot be done by connecting the voltmeter 
to each in turn and then leaving it connected to one circuit 
for the main experiments. It must be done with the voltmeter 
connected to the circuit which does not possess the small 
extra coupling coil, in the following way. 

With the L x -C x circuit broken, the wavemeter is coupled 
directly to the L 2 ~C 2 circuit and C 2 is carefully adjusted to 

VALVE 
VOLTMETER 
READING 

VOLTS 


X orI 

Fig. 93. Response Curves for Coupled Circuits with 
(a) Tight, (b) Critical, and (<*) Loose Coupling 

resonance. Then the wavemeter coupling is transferred to 
the small coil in L v the L l -C\ circuit is completed and, with 
a very loose coupling between L x and L 2 (i.e. with the coils 
well separated), 6\ is carefully adjusted until the valve volt- 
meter across the second circuit indicates resonance. 

The main experiments may then be commenced. L x is 
brought near to L 2 , say at 2 cm. distance, and the wavemeter 
condenser dial is moved slowly round over its whole range, 
thus giving a continuous variation of frequency. The shape 
of the response curve of the coupled circuits will be shown by 
the indications of the valve voltmeter and will be seen to be 
of a double hump form as shown at (a) in Fig. 93. Taking 
corresponding readings of A (or f) and response voltage, the 
curve may be plotted. If the coupling between L x and L 2 
is too tight, the humps may be separated by quite a large, 
frequency interval. 

Similar readings are taken with various values of coupling 
between the circuits. One coupling should be adjusted to be 
critical, i.e. at which there is no appreciable double resonance. 
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This is the band-pass case and the curve will be found to have 
a flat top as in (b). The rapid falling off at each side should 
be noted in this case. Another coupling should be loose, 
giving the normal response curve shown at (c). This is the 
case which was used at first to set the circuits to equal 
frequencies. 

Experiment 71. The Tuned-anode B.F. Oscillator 

This oscillator circuit is the same as that used for the audio- 
frequency oscillator of Experiment 65, except that the oscilla- 



Fio. 94. Tuned-anodk R.F. Oscillator 


tions cannot be detected by telephone. For radio frequencies, 
the anode and grid coils must have much smaller inductance 
and the condenser a much smaller capacitance than in the 
former case. Suitable values are, for the tuned-anode circuit, 
a coil of 200 turns (L = about 2 mH) and a variable air 
condenser 0-0*0005 juF, and for the grid coupling coil one 
of 100 turns. 

(a) To Set Up the Oscillator and Investigate its Action 
The circuit is shown in Fig. 94, the valve being a small 
triode such as H.L.2. At first, the H.T. supply should not be 
greater than 40 volts, a 0*1, fiF by-pass condenser being 
connected across it. The tw^ coils may be held in a double 
coil holder so that the coupling between them may be varied. 
Across the tuned circuit a cathode-ray oscillograph is con- 
nected for the purpose of observing the waveform and ampli- 
tude of the oscillations. When the circuit has been set up, 
the coupling between anode and grid coils is increased slowly ; 




SIMPLE EXPERIMENTS AT HIGH FREQUENCY 145 

the milliammeter is watched for any sudden change in anode 
current, which will indicate the onset of oscillations. If none 
occurs, the connections to the grid coil are reversed, the H.T. 
supply being disconnected while this is being done. Oscilla- 
tions should then be produced on increasing the coupling 
between the coils, and the time base of the oscillograph should 
be adjusted to obtain a stationary trace of the waveform 
containing 3 or 4 complete cycles. The sinusoidal waveform 
should be noted, indicating freedom from harmonics. 

Some general observations on the action of the oscillator 
may then be made as follows : (i) the effect, on the amplitude 
and frequency, of altering the coupling between grid and 
anode ' coils, taking care that the anode current does not 
exceed 5 mA ; (ii) similar observations with a small and a 
large value of C ; (iii) the effect of touching, in turn, the 
points marked A, B, and G in the diagram; (iv) the way in 
which the R.F. voltage across the tuned circuit depends on 
the H.T. battery voltage. The last-mentioned investigation 
is carried out by using, in turn, H.T. voltages of 20, 30, 40, 
50 volts and measuring, on the oscillograph, the double 
amplitude from positive peak to negative peak on the trace. 
The amplitude should be proportional to the battery voltage. 

(6) Use of Automatic Grid Bias 

In order to improve the efficiency of the oscillator, grid 
bias is required and this is usually provided in an oscillator 
by connecting to the grid a condenser C g shunted by a resis- 
tance R g . The condenser is charged by the grid current 
which flows during the positive half-cycles of alternating 
voltage in the grid coil,«the condenser plate connected to the 
grid becoming negative. The resistance R g provides a path 
by which the charge on C g may leak, thus preventing the 
negative potential of the grid from reaching such a value 
that the anode current becomes zero and the oscillations stop. 
The arrangement is shown in Fig. 95, a suitable value for 
C g being 0 001 (i F. * With this arrangement, some important 
effects can be observed by using various values of R g . Setting 
Rg — 60,000 fi, the coupling between anode and grid coils 
should be increased and the effect, on anode current, of the 
onset of oscillations should be noted. The coupling may then 
be increased still further and the effect on current and ampli- 
tude observed and compared with the former observations 



146 


FUNDAMENTAL PRINCIPLES OF RADIO 


when no grid bias was used. Observations of the same kind 
should then be made with R g — 20,000 Cl and with R g — lMfl. 
In the last case the charge on C g cannot leak away fast enough, 
so that a few oscillations occur which are rapidly damped 
out and do not recur until the leak of charge from C g raises 
the grid potential to the value at which oscillations can start 
up again, when the process is repeated. This type of action 
is called “squegging.” Finally, removing R a , the oscillations 



Fig. 95. Tuned-anode R.F. Oscillator with Automatic 
Grid Bias 

will stop altogether unless the insulation resistance of C g is 
poor. It is, therefore, preferable to use a mica condenser 
for C 9 . 

Experiment 72. Dependence of Wavelength on Capacitance 
and Inductance in a R.F. Oscillator 

In the R.F. oscillator of Experiment 71, the frequency of 
oscillation may be taken to be the resonant frequency of the 
tuned-anode circuit, viz. / = 1/27 tVLC, where C includes the 
self-capacitance of the coil if appreciable compared with the 
capacitance of the condenser. The corresponding wavelength 
in metres is given by A — 1885 VLC where L is in juH and 
C in fiF. Thus A is proportional to VQ if L is fixed and to 
VL if C is fixed. The purpose of this experiment is to confirm 
these relations. A tuned-anode oscillator as shown in Fig. 95 
should be set up (omitting the oscillograph) and arranged so 
that various condensers or various coils can be used in it. At 
a little distance from the oscillator a heterodyne wavemeter 
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is set up and its coupling coil brought near to the coils 
of the oscillator. This wavemeter is provided with a pair of 
headphones for the purpose of setting the wavemeter frequency 
equal to that of the oscillator by means of the heterodyne 
whistle which may be heard when the difference between the 
two frequencies falls in the audio range. 

(а) Dependence of A on C 

Three or four small fixed mica condensers of 0*0005, 0*001, 
0*002, . . . juF are required- Using an anode coil of about 
200 turns and a grid coil of about 50 turns, and commencing 
with C = 0*001 /uF, the circuit is set into oscillation with the 
minimum coupling between anode and grid coils. With the 
wavemeter coupling coil near the oscillator coils, the wave- 
meter frequency is slowly altered by use of range switches 
and condenser until a strong heterodyne whistle is heard in 
the headphones. Then the coupling coil is moved away until 
the whistle can just be heard and the wavemeter condenser 
is adjusted until the frequency of the whistle is reduced to 
zero. If the correct setting for this ‘‘dead spot” has been 
made, the whistle will be heard again, rising in pitch, when 
the wavemeter condenser is turned either way from this 
setting. The wavelength corresponding to the setting is 
obtained from the calibration chart. Measurements of this 
kind are carried out with various condensers for C, using 
those mentioned either separately or in series or parallel 
combination. In this way some ten different values of C 
may be used. 

In order to show the relation between A and C, A is plotted 
against V C, when the points should be found to lie on a 
straight line. With the components mentioned, the self- 
capacitance of the coil may be 1 per cent of the value of C. 

Harmonics are sometimes picked up when tuning the wave- 
meter, so that a search should be made for the strongest 
heterodyne note, which will correspond to the fundamental. 
If there is any doubt, the approximate wavelength can be 
calculated from the formula given if the value of L is known 
roughly. 

(б) Dependence of A on L 

For this experiment, which is carried out in the same 
manner, a number of coils of known inductance are required, 



148 FUNDAMENTAL PRINCIPLES OF RADIO 

while C is fixed at 0 001 \i F. Suitable coils for L are of 40, 
50, 75, 100, and 200 turns, their inductances ranging from 
about 70 fxK to 2000 /iH. Using each of these in turn in the 
tuned-anode circuit and adjusting the grid coupling each 
time to the minimum to maintain oscillations, the wavelength 
A of the oscillations is measured as described in (a). A graph 
of A for each coil plotted against VT will be found to be 
very nearly a straight line. , 



CHAPTER IX 

DETECTION AND ALLIED SUBJECTS 

Detection, or demodulation, is the term given to the process 
)f obtaining an audio-frequency signal from a radio-frequency 
mediation on which it has been impressed by modulation. 
This process of demodulation is effected by rectification, 
ising generally either a diode or a triode. The experiments 
)f this chapter are concerned with detection directly and 
vith arrangements for rendering it more sensitive and selective. 
Amplitude modulation only is considered. In some of the 
ixperiments a R.F. oscillator capable of producing a modu- 
ated wave is required. This may be an Avo-oscillator which 
las 6 different but overlapping frequency ranges from 95 kc/s 
jO 40 Mc/s, and gives an output- up to 1 volt. On all ranges 
t will give either the unmodulated carrier frequency (when 
die appropriate switch is set at R.F. ), or the carrier frequency 
nodulated at about 30 per cent with a single audio-frequency 
}f 400 c/s produced internally (when the switch is set at int). 
The oscillator is supplied from the A.C. mains. In order to 
provide the equivalent of an aerial, two dummy aerials are 
provided, one marked ML for use up to 2*5 Mc/s, contain- 
ing an inductance and a capacitance of suitable values, and 
the other, marked S , for higher frequencies, containing 
% resistance. When in use, -these are connected in series 
with the output lead, being screwed into the end of the 
centre lead in place of the clip which then fits on to the 
end of the dummy aerial. For further details of the in- 
strument, the instruction booklet issued with it should be 
consulted. 

Experiment 73. Diode Detection 

For this experiment, a diode designed for detection is 
required. A suitable valve is an Osram D.41, which is an 
indirectly-heated, double diode of which 'only one anode is 
used. It has a 5-pin base in which the centre pin is the 
cathode ; the normal filament terminals are used for the 
heater, while the two anodes are connected to the usual grid 
and anode pins. The heater requires 4 volts, which may be 
taken from cells or from the 4- volt secondary winding of a 
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mains transformer. Fig. 96 shows the complete circuit for 
the various sections of the experiment. The output from the 
oscillator is fed through the ML dummy aerial to a tuned 
L-C circuit, across which is a valve voltmeter. The tuned 
circuit may consist of a 100 -turns coil and a variable air 
condenser up to 0*0006 fiF. The voltage across the tuned 
circuit at resonance is applied between anode and cathode 
of the valve, with an anode load (shown here in the cathode 



Fig. 96 . Circuit for Diode Detection' 

lead) which consists of a resistance R l ~ 120,00011 and a 
capacitance C 1 — 0*00015 juF in parallel. 

The rectified output is obtained across this load and passes 
on to the circuits shown on the right of it, which are filters 
by means of which only the audio-frequency component is 
obtained. This part of the circuit consists of a high-frequency 
choke (H.F.C.) and a condenser C 2 (0*0001 pF) which stop 
and by-pass the radio-frequency component, the condenser 
C 3 (0*1 /iF) which blocks the D.C. component and a resistance 
2^3 of 1 M £2, across which the audio -frequency component is 
obtained and may be observed in the phones or on the oscillo- 
graph or may be measured by a Taylormeter on a suitable 
A.C. voltage range. The two last-named instruments may 
also be required for connexion across other parts of the 
circuit. 

Having connected and arranged the circuit so that its 
various parts are easily identified, the following observations 
should be made — 

(1) With the filter circuit disconnected, and with the 
oscillator set to give unmodulated R.F. output, the condenser 
C in the L-C circuit is set at the mid-point of its scale and 
resonance is obtained, as indicated by the valve voltmeter, 
by adjusting the oscillator frequency. The waveform of 
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the R.F. is observed on the Y 1 beam of the oscillograph con- 
nected across the tuned circuit. At the same time, a D.C. 
voltage is developed across the diode load B 1 C 1 and this may 
be measured by the Taylormeter (on a D.C. voltage range). 
Then, turning the oscillator switch to give the modulated 
R.F. output, its waveform may be observed across the tuned 
circuit, using a lower time-base frequency on the oscillograph. 
The D.C. voltage, measured across the load as before, will 
be found to be unchanged provided the input voltage across 
the tuned circuit is unchanged. 

(2) The filter circuit should then be connected across the 
diode load. The audio-frequency output across B 3 is observed, 
first by phones and secondly on the Y 2 beam of the oscillo- 
graph. By comparing the traces of the Y x and Y 2 beams 
(Y x being connected to the tuned circuit), it will be seen that 
the audio-frequency is that of modulation. Next, disconnect- 
ing phones and oscillograph from B 3 , the audio-frequency 
voltage across this resistance should be measured by the 
Taylor meter on a suitable A.C. voltage range. Various 
values of modulated R.F. input voltage from 20 to 5 volts 
(as measured on the valve voltmeter) should be obtained 
by detuning the oscillator, and at each, the output voltage 
across B 3 should be measured. An approximately linear 
relation will be found to exist between input and output 
voltages. 

(3) Reconnecting the oscillograph across B 3 , observations 
should be made of the distortion in audio-frequency waveform 
which arises if the diode load resistance is too great. The 

"waveform with B 1 = 1 Mil should be compared with that 
already obtained when B x was equal to 120,000 Q. 

Experiment 74. Anode Detection 

In anode detection, the signal, magnified by a tuned L-G 
circuit, is applied to the grid of a triode so biased that the 
operating point lies under the lower bend of the I a -V g charac- 
teristic. The changes which take place in the anode current 
when the signal is applied are as follows — 

(i) If the signal is an unmodulated R.F. oscillation, the 
mean anode current rises and contains a D.C. component and 
R.F. components. The latter cannot be heard in phones, the 
only effect being a click when the signal is applied or switched 
off. 


6- (T.275) 
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(ii) If the signal is a modulated R.F. oscillation, then the 
anode current contains, in addition to the above components, 
a component at the audio-frequency of modulation, which 
can then be heard in the phones. 

The circuit is shown in Fig. 97. The tuned circuit consists 
of a coil L of 100 turns and a variable air condenser G of 
about 500 jli/u F (max.). This circuit is connected to an aerial 
with a variable air condenser C 1 of 300 fijuF (max.) in series. 
The signal across the tuned circuit is applied to the grid of 



an Osram H.L.2 valve, in which the negative grid bias is 
continuously adjustable between 0 and — 6 volts, by means 
of a potential divider of 100 Cl connected across a 6- volt 
accumulator. 

A pair of headphones is connected in the anode circuit 
and the R.F. components of anode current are by-passed 
by the 0001 /nF condenser between anode and filament. 
For the experiments, a H.T. voltage of 100 volts is 
suitable. 

With the aerial disconnected, the grid bias is adjusted until 
the anode current as shown by the milliammeter is small, 
say 0*2 mA. Then the aerial is connected and the condensers 
C and C x adjusted to give maximum reception of a broadcast 
programme. The tuning with C should be found to be fairly 
sharp, since no grid current is flowing and the tuned circuit 
is therefore not damped on this account. Observations of 
the change in anode current when the signal is received should 
be made. 
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The effect of altering the grid bias may also be investigated, 
using the phones and changing the bias by means of the 
potential divider. It will be found that the adjustment for 
optimum reception is fairly critical. The bias should be set 
at this value. 

Further observations may then be made on the selectivity 
and on the effect of the aerial condenser C v For this purpose 
a valve voltmeter is connected across the L-C circuit, observa- 
tions being made with the voltmeter and with the phones at 
the same time. The selectivity may be measured by the 
change in C required to reduce the alternating voltage applied 
to the grid to half-value, the selectivity being greater the 
smaller this change in C. If Cj is then reduced, the effective 
aerial capacitance, which is in parallel with the tuning circuit, 
is reduced and a larger value of C is required for resonance. 
This reduction in C 1 causes a decrease in signal strength at 
resonance, but the selectivity is improved, as may be shown 
by measuring the change in C required to reduce the voltage 
to half its value at resonance. Measurements of this kind 
should be made at several settings of C v 

Instead of using an aerial, the modulated R.F. output of 
an Avo-oscillator may be used as in the experiment on diode 
detection. 

Experiment 75. Grid Detection 

In grid detection, the modulated signal, after magnification 
by a tuned circuit, is applied between grid and filament of a 
triode with a condenser C g shunted by a resistance R g in 
the grid lead. The grid-filament part of the valve acts as a 
diode detector, grid current flowing on the positive half-cycles 
and building up a voltage across the “diode” load R g -C g . 
This voltage gives to the grid a potential which is negative 
and which becomes more negative as the amplitude of the 
carrier increases. The valve as a whole then acts as an ampli- 
fier of this grid voltage. If the signal is an unmodulated R.F. 
oscillation (continuous wave, C.W.) the anode current falls 
when the signal is received and contains a D.C. component 
and R.F. components only. If the signal is modulated at 
audio-frequency, the anode current also falls on reception, 
but contains, in addition to the above components, a com- 
ponent at the modulation frequency which may be heard in 
the phones. 



154 


FUNDAMENTAL PRINCIPLES OF RADIO 


The circuit of Fig. 98 may be used to show the main features 
of grid detection. The signal may be obtained from an aerial 
with a condenser C x in series as in Experiment 74, or from an 
Avo-oscillator with the dummy aerial ML included as in 
Experiment 73. The advantage of the latter is that an un- 
modulated or a modulated oscillation may be obtained as 
desired. The tuning coil L of 100 turns should be provided 
with tappings at, say, 80 and 60 turns, shown at the points 
2 and 3 in the diagram. C is a variable air condenser up to 
0 0006 juF. Suitable values for the grid condenser and 



resistance are C Q = 0*0003 /uF and R a — 1 M 12. If a sub- 
divided megohm is available for R yy the effect of altering its 
value to 0*5 and 0*25 M (2 may be studied. The valve is an 
Osram H.L.2 with a 0 001 juF condenser between anode and 
filament to provide a by-pass for the R.F. components of 
anode current, and with a high-frequency choke and phones 
in the anode circuit, which is supplied by a H.T. battery of 
about 100 volts. A milliammeter (0-10 mA) shows the anode 
current. 

In a first set of observations, the aerial condenser is not 
included. The anode current is noted before tuning in to the 
signal and then again after tuning. A decrease, which is 
characteristic of grid detection, will be observed. If an 
oscillator is used, the observations should be made first with 
carrier only, and secondly with the modulated oscillation. 
The selectivity should be examined by detuning C. It will 
be found to be poor compared with that of the anode detector 
because of the damping effect of the grid current. 
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Improvements in strength of reception and in selectivity 
may be obtained by the following modifications — * 

(i) The grid condenser and resistance are connected to a 
tapping point on L. The grid current now flows through 
part of the tuning coil only and the damping effect should 
be reduced. Each tapping point should be tried in turn. 

(ii) The aerial condenser C x is included and adjusted for 
maximum reception. 

(iii) The end of the grid resistance R g farthest from the 
grid is connected first to the negative filament terminal 
(earth), and secondly to the positive filament terminal. 
The latter connexion gives the grid a small positive bias, 
thus ensuring a flow of grid current, which is essential to 
the operation of the detector. 

One important method of ^improving the selectivity is to 
use reaction. This is the subject of the following experiment. 

Experiment 76. Reaction 

In the valve oscillator (Experiments 65 and 71) the coupling 
or reaction between grid and anode coils is increased until it 
is sufficient to overcome completely the damping of the tuned 
circuit. In a grid-detector circuit, reaction obtained in the 
same way but adjusted to be less than that required for self- 
oscillation, is used to increase the signal strength and to 
decrease the damping of the tuned circuit, thus increasing 
both the sensitivity and the selectivity of the receiver. The 
amount of reaction may be controlled by adjusting the dis- 
tance between the grid and anode coils, as in the oscillator, 
or, as is more generally the case, by the use of a condenser in 
conjunction with a coil in one of the ways to be described. 
It may also be controlled by altering the anode potential. 

The first reaction circuit is that shown in Fig. 99. it is 
the same as that for grid detection, with the addition of the 
coil L 2 and the variable air condenser C 2 connected in series 
between anode and earth. Instead of the aerial, an oscillator 
giving a modulated R.F. output is coupled to L x by a coil 
of 50 to 100 turns. The signal input can be increased or 
decreased by placing this coil nearer to or farther from the 
tuned circuit, or by altering the volume control of the oscillator. 
If L x and L 2 are fixed in an adjustable double-coil holder, with 
L 2 connected in the correct sense, all the above-mentioned 
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controls of reaction may be investigated. Suitable values for 
the components are L x = 100 turns, L 2 = 30 to 50 turns, 
C x = 0-0006 fx F (max.), C 2 = 0 0004 //F (max.), with other 
component values as shown in the diagram ; the valve is any 
detector, such as an Osram H.L.2. Opening C 2 and moving 
L 2 away from L v the tuned circuit is adjusted to resonance, 
with a signal of about 500 kc/s, the audio-frequency of modu- 
lation being heard in the phones. The input coupling should 
then be reduced to give a weak signal. Bringing L 2 nearer 
to L Xy the reaction will be increased as shown bv the increased 


C2 



strength of signal and it may then be still further increased 
up to the point of oscillation by increasing the capacitance C 2 . 
The coupling between L x and L 2 should be arranged so that 
the circuit goes in and out of oscillation smoothly at about 
the mid-point of this condenser. 

Anode potential control may be shown by setting C 2 to 
give some reaction and then increasing the H.T. voltage from 
60 volts by steps, noting the increase in signal strength and 
eventual oscillation. 

% further test should be made to see whether an increase 
in reaction (short of oscillation) makes it necessary for the 
L 1 -C 1 circuit to be retuned. 

The increase in selectivity which accompanies the use of 
reaction should also be tested. The range of C x over which 
the signal can be heard is noted, first with little or no reaction 
and then with increased reaction. The sharper tuning when 
reaction is used will be obvious and is due to the reduction in 
damping of the tuned circuit. 

Where condenser control of reaction only is required, the 
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coil L 2 may be wound on the same former as L x or may be 
part of it. The circuits of Fig. 100 show two other types of 
condenser control, which may easily be set up by slight 
modifications of the circuit just used. Tests similar to those 
mentioned may be made with these circuits. In (a) the 
condenser C 2 , instead of being in series with L 2 , is in parallel 




(b) 


Fig. 100 . Second and Third Reaction Circuits 

with L 2 and the usual by-pass condenser. The reaction, in 
this case, will be increased by decreasing C* 2 . 

In (b) a differential condenser replaces C 2 and the by-pass 
condenser of Fig. 99. The advantage thus gained is that the 
total capacitance between anode and earth is constant, and 
the tuning of the Li~C 1 circuit will not be affected by increasing 
the reaction. 

Experiment 77. Heterodyne and Autodyne Reception 

The methods of detection used for a modulated wave are 
of no value for receiving continuous wave, as was shown in 
the experiments on detection. Continuous wave (C.W.) is 
used for wireless telegraphy, employing Morse signalling, and 
its reception is carried out by the heterodyne method. Into 
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the tuned circuit of the receiver, tuned to the signal frequency 
f v there is injected from a local oscillator a signal of frequency 
/ 2 , whose value differs from/ x by a small amount, say 1000 c/s, 
which is within the audible range. When these two signals 
are applied to a rectifier, such as a grid detector, the anode 
current contains a component whose frequency is the difference 
between/! and/ 2 and is therefore audible. 

If the transmission at f x is made in a series of dots and 
dashes, the heterodyne beat note will occur in a similar series 
of signals. When the second frequency is provided by a 
separate local oscillator, the method is called heterodyne 
reception. When, however, this frequency is provided by 
setting the receiving circuit into oscillation, the method is 
called autodyne reception. Each of these types can easily 
be set up with the apparatus of the previous experiment with 
the addition of a second R.F. oscillator for the heterodyne 
case. 

(а) To show heterodyne reception, the circuit of Fig. 99 
is fitted up, but without reaction. A tapping key may be 
placed in the input lead which comes from the R.F. oscillator 
providing the signal at f v A second oscillator of the same 
kind is arranged with its coupling coil near to L v The L 1 -C l 
circuit is first tuned to f v This may be done by using the 
first oscillator alone to give a modulated oscillation and then 
turning the switch over to give C.W. The second oscillator 
is then brought into operation and its frequency / 2 adjusted 
to be near f v The heterodyne note will be heard in the phones 
and it will be noted that there are two settings of / 2 which will 
give a note of a particular beat frequency, one greater than 
/i and the other less. Setting this beat note at about 1000 c/s, 
the key in the input circuit may be operated to imitate a 
Morse signal. It should be specially noted that neither f x 
nor / 2 can be heard alone and that the heterodyne note can 
be obtained only if both f x and / 2 are passed through a recti- 
fying device. 

(б) For autodyne reception, the second oscillator is removed 
and the reaction circuit of the detector is brought into play. 
With the adjustment at as before, the reaction is increased 
until the circuit passes into oscillation. If C x is slightly 
detuned, the frequency / 2 of this oscillation will be different 
from/! and the heterodyne beat note will be heard. Observa- 
tions similar to those in (a) may then be made, 
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Experiment 78. The Triode-hexode Frequency Changer — The 
Principle of Super-heterodyne Reception 

If, in the previous experiment on heterodyne reception, the 
signal frequency f x and the local oscillator frequency f 2 had 
been widely different, say by 100 kc/s, the anode current of 
the detector would have contained a component at this 
difference frequency, but it would have been beyond the 
audible range and would have been a R.F. oscillation of a 
frequency (f x ~ / 2 ) much lower than f v This changing of 
the frequency from a high to a lower value (but still sufficiently 
high to be used as a carrier frequency) is the basic principle 
underlying super- heterodyne reception, the difference fre- 
quency being called the intermediate frequency (I.F.). Any 
modulation carried by f t is passed on to the I.F. oscillation 
and may then be detected in the usual way. In super- 
heterodyne reception the I.F. has a fixed value which is 
obtained from any signal which it may be desired to receive, 
by adjustment of the local oscillator frequency. 

The triode-hexode valve is a multiple valve in one envelope 
which provides the triode for the local oscillator and a hexode 
by means of which the I.F. is provided from the signal fre- 
quency f x and the oscillator frequency / 2 by electron mixing. 
The hexode contains a control grid to which f x is applied and 
an injector grid to which / 2 is applied. This injector grid is 
joined internally to the grid of the triode and is provided 
with a screen on either side. The valve used is an Osram X.24 
which takes 2 volts on the filament and has a 7-pin base, the 
connexions of which are shown in Fig. 101. Considering first 
the local oscillator circuit, giving / 2 , this is a simple tuned 
grid oscillator, the two cojls for which are wound on a small 
cylindrical former with the coils taken to the pins of a 4-pin 
valve base, the arrangement being that shown in the diagram. 
These coils should be shielded by an earthed metal case. 
The tuning condenser, across the grid coil, is of maximun^ 
value 0*0005 //F. In order to limit the oscillator anode current, 
a resistance of 20,000 tl is included in the H.T. lead. Consider- 
ing now the hexode-mixer valve circuit, the signal at f x is 
fed to the control grid, which, it should be noted, is the top 
cap. A steady voltage of + 60 volts is applied to the screens, 
and a screen condenser of 0*1 fiF connected between them 
and earth. In the anode circuit of the hexode is the I.F. 
transformer which consists of two equal resonant circuits with 
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coils having an iron-dust core for permeability tuning by 
adjustment of a small air gap in the core. The resonant 
frequency of either circuit is the I.F. which, in a type com- 
monly used, is 465 kc/s. In the experiment, a valve voltmeter 
and a cathode-ray oscillograph are connected across the 
secondary of this transformer, the leads to these instruments 
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Fig. 101. Triode-hexode Frequency-changing Circuit 


being kept untwisted and as far apart as possible to avoid 
interference with the transformer tuning owing to their 
capacitance. When connecting the circuit, the shortest 
^possible leads should be used. The values of the various 
components are shown in the diagram. 

In order to obtain the intermediate frequency, the following 
adjustments are made — 

(i) A signal from the R.F. oscillator only, set at the I.F. 
of 465 kc/s is applied to the control grid of the hexode and 
the I.F. transformer is tuned by adjustment of the dust 
core until a maximum reading of the valve voltmeter, 
indicating resonance, is obtained. 
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(ii) Switching off the R.F. oscillator and connecting the 
local oscillator, the condenser of the latter is adjusted until 
the valve voltmeter again gives a maximum reading. This 
adjustment ensures that the local oscillator is functioning 
and it also gives the reading of its condenser for the I.F. of 
465 kc/s, which needs to be avoided in the later observations. 

(iii) Using both oscillators, the signal input frequency 
j x is set at 600 kc/s, and then the local oscillator frequency 
/ 2 is adjusted to give maximum voltage in the I.F. trans- 
former secondary. The oscillograph is used to show the 
waveform of the I.F. 

Two points will be noted in this setting of the local oscillator, 
first that the setting at 465 kc/s is not used, and secondly that 
there are two settings which will give the I.F., one for which 
/ 2 — 1065 kc/s, and the other for which / 2 — 135 kc/s. 

Having thus obtained the I.F., observations may be made 
with a modulated input and on second channel interference. 

The R.F. oscillator is set to give a modulated input at 
600 kc/s and the waveform of the I.F. observed with the 
oscillograph time-base frequency at a lower value than in 
(iii). It will be seen that the I.F. carries the modulation of 
the input signal. In order to show second channel interference, 
the local oscillator is set at its higher value to give the I.F. 
(i.e. / 2 = 1065 kc/s) and the signal input frequency is then 
changed from 600 kc/s to approximately 1530 kc/s, which is 
as far above / 2 as 600 kc/s is below it. By slight adjustment 
of the signal oscillator, the I.F. will again be observed. Thus 
there are two signal frequencies which will give the same I.F. 
for a particular setting of the local oscillator. In addition 
to the observations mentioned above, the occurrence of 
heterodyne notes in the audible range should also be examined. 
The hexode anode circuit contains, in addition to the I.F., 
a number of other frequencies such as f lt / 2 , f t + f 2 and their 
harmonics. These are not shown on the oscillograph because 
the I.F. transformer is tuned to (f x ~/ 2 ). Their presence may 
be shown by including, in the anode lead, a pair of phones. 
Keeping / 2 fixed, the signal frequency is slowly varied, when 
a number of heterodyne whistles will be heard. These occur 
whenever the signal frequency or one of its harmonics differs 
from the local oscillator frequency or one of its harmonics 
by an amount lying in the audio-frequency range. 



162 FUNDAMENTAL PRINCIPLES OF RADIO 

Experiment 79. Radio-frequency Amplification — The Tuned- 
Anode Coupling 

When a weak signal is to be received, amplification at the 
radio-frequency is employed before detection. R.F. amplifica- 
tion usually requires that a single frequency be amplified to 
the exclusion of other signals. Tuned circuits are therefore 
used, one of the commonest being that in which a tuned 
coupling is placed in the anode circuit of the amplifying 



valve, in a position similar to that of the resistance or choke 
in audio-frequency couplings. Difficulties arise in R.F. 
amplification owing to the tendency of the amplifying valve 
circuit to pass into oscillation, and to the coupling which may 
occur from the R.F. voltage set up across the internal resis- 
tance of the H.T. supply. The first difficulty is overcome by 
the use of a S.G. tetrode, and the second by the use of de- 
coupling resistances and condensers. In this experiment a 
tuned-anode circuit is to be set up and its action investigated, 
using first a triode and secondly a S.G. tetrode, so that a 
comparison between them may be made. 

The first circuit is shown in Fig. 102. A R.F. oscillator, 
giving a modulated wave, is coupled to the tuned L l -C 1 circuit 
of the first valve (Osram H.L.2). In the anode circuit of this 
valve is the tuned L 2 ~C 2 circuit, exactly similar to L x -C v 
the amplified voltage across this circuit in the anode being 
taken to the second valve (also an H.L.2) acting as a grid 
detector. 
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The two coils should be fixed some distance apart with 
their axes at right angles to avoid direct coupling between 
the two tuned circuits. In the anode lead of the first valve, 
the R.F. choke prevents the R.F. currents from parsing 
through the H.T. battery and the fixed condenser C (0*001 ^F) 
provides a low impedance path for them to earth. The coils 
L x and L 2 may be of 100 turns each and the condenser C T 
and C 2 variable up to 0*0005 ^F. These condensers should 
be set at their mid-points to begin with. 

Switching on a modulated R.F. oscillation at about 500 kc/s, 
the following tests should be made — 

(i) The L 1 ~C 1 circuit is tuned for reception. By varying 
C\ over a small range, the intensity and selectivity of the 
circuit is noted. 

(ii) The L 2 -C 2 circuit is now tuned. A marked increase 
in selectivity, shown by the sharper timing of C v will be 
apparent. Adjusting C 1 and C 2 alternately, the maximum 
intensity should be obtained. The reception is then much 
more sensitive and selective, as may be shown by reducing 
the input and taking observations at various settings of 
C\ and C 2 . 

(iii) Returning to conditions for maximum intensity, the 
condenser C is removed. The reception immediately falls 
off, owing to lack of decoupling of the H.T. supply. 

(iv) If the amplifier valve circuit passes into oscillation, 
as it may do owing to coupling between the anode-tuned 
circuit and the grid-tuned circuit through the anode-grid 
capacitance of the valve, a heterodyne whistle will be heard. 
This tendency to oscillation is overcome by the use of a 
S.G. tetrode. 

For comparison with the above circuit, a similar circuit 
using a tetrode should be fitted up, the connexions being those 
shown in Fig. 103. Some alteration in wiring will be necessar^ 
if the tetrode anode is the top cap. Apart from this and the 
addition of the screen voltage of + 60 volts, and the screen 
condenser of 0*1. ^F, the circuit is the same as before, with 
the same components. Tests similar to those made previously 
are carried out. 

The advantages which follow from the use of a tetrode are 
the increased sensitivity due to the high amplification factor 
of the valve and the greater stability arising from the lower 
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anode-grid capacitance which reduces the tendency to break 
into oscillation. 

The above tests may also be made with an aerial in place 



Fig. 103. Tuned-anode Coupling using a Tetrode 


of the R.F. oscillator, the reception being of a broadcast 
programme. In this case an aerial tuning condenser may be 
included and its effect observed in addition. 



Fig. 104. Tuned-grid R.F. Amplifier 


Experiment 80. The Tuned-grid Coupling 

This is another type of R.F. coupling, the circuit for which 
is shown in Fig. 104. It consists effectively bf a tetrode acting 
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as a R.F. amplifier with choke-capacity coupling to the tuned 
grid of a grid detector. 

The anode load of the tetrode is a R.F. choke, the other 
components having the same values as for the tuned-anode 
circuit of the previous experiment. A decoupling resistance of 
1000 Q is included in the H.T. lead to the tetrode. Setting 
the variable condensers at their mid-points at first, tests may 
be made of sensitivity and selectivity as with the tuned-anode 
amplifier. It will be found that, although the sensitivity 
appears to be as good as in that case, the selectivity is less 
sharp. This is due to the damping of the L 2 -C 2 circuit by the 
grid current of the detector. In order to obtain better selec- 
tivity, the circuit may be varied by taking the lead to the 
detector grid condenser from a tapping on L 2 , so that grid 
current passes through a portion only of the tuned circuit 
and does not impose so large a damping effect. 



CHAPTER X 

TRANSMITTER CIRCUITS 

Apart from the aerial, the principal circuits used in a trans- 
mitter are the oscillator, the amplifier, the modulator, and 
the circuit for frequency control. Illustrative experiments on 
each of these are included in this chapter. The valves and 
components used are not, however, of the size and power 
which are employed in actual transmitters, but are adapted 
to the conditions of a laboratory experiment. 

The types of oscillator circuit used in transmitters differ 
usually from the tuned-anode oscillator of Experiment 71, 
and three of the principal types will be considered first. 

Experiment 81. The Series-fed Hartley Oscillator 

In the Hartley circuit, the feed-back necessary for main- 
taining oscillation is obtained, in the correct phase, by includ- 
ing part of the inductance of the tuned circuit in the grid 
circuit of the valve and part in the anode circuit by using a 
tapping point on the coil. The series-fed arrangement* in 
which the tuned circuit and valve are supplied in series from 
the H.T. battery is usually preferred to the parallel-fed 
arrangement owing to the tendency of the latter arrangement 
to produce parasitic oscillations. The Hartley circuit is 
generally used for frequencies in the higher ranges. In the 
diagram of Fig. 105, the coil is shown tapped at a number of 
points in addition to the tapping point referred to above. 
This enables the point of connexion of the anode lead (the 
anode tap) to be chosen for the most efficient operation. L 
is a coil of about 60 turns wound on a cylinder 2 in. in diameter 
and C is a variable air condenser up to 0 0003 jli¥. A thermo- 
ammeter (0-0-5 amp.) indicates the oscillatory current and a 
milliammeter (0-40 mA) records the anode current. The 
valve may be an Osram P.2 or a similar type, taking 2 volts 
on the filament and 150 volts (max.) on the anode. 

The presence of oscillations is shown by bringing a separate 
coil of a few turns connected to a pea lamp near to the coil 
L, when the lamp will glow if the circuit is in oscillation. 
The frequency of the oscillations is measured by a wavemeter 
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of the heterodyne or of the absorption type, using a loose 
coupling. 

Having obtained oscillations with the variable condenser 
at its mid-point, a series of measurements should be made of 
oscillatory current and anode current for different positions 
of the anode tap, keeping the capacitance fixed. It will be 
seen that there is a position in which the oscillatory current 
is strongest. Similar measurements should be made with a 
smaller and with a larger value of C , and the results compared. 



Fig. 10 . 5 . Series -fed Hartley Oscillator 


Secondly, the oscillator should be calibrated. The frequency 
is measured by means of the wavemeter at a number of settings 
of C over its whole scale, the anode tap being adjusted at 
each to give maximum oscillatory current. The calibration 
chart, showing the relation between the frequency and the 
reading of C should then be plotted. 

As in all valve oscillators where the grid bias is provided 
by a grid condenser and resistance, the performance will 
depend on the value of grid resistance used with a particular 
valve. Some tests should be made on this point by using 
various grid resistances, say 20,000 H, 100,000 Q, 500,000 il, 
and 1 MQ. 

Experiment 82. The Colpitts Oscillator 

This circuit is usually employed for frequencies in the lower 
R.F. ranges. The grid drive is obtained by tapping the 
capacitance of the tuned circuit instead of the inductance 
as in the Hartley circuit. Across the tuning condenser C are 
connected two small condensers C x and C 2 in series, as shown 
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in Fig. 106, the common terminal of these being connected 
to the negative filament terminal. The inductance L may 
be that of a coil of 100 turns, C may range up to 0*0006 F 
and the values of C x and C 2 may be 0*00005 and 0*0001 /nF 
respectively, so that about one-third of the voltage across 
C is fed to the grid. The passage of R.F. oscillations through 
the H.T. battery is prevented by the R.F. choke and the 
2 fzF by-pass condenser. 

As in the previous experiment, the presence of oscillations 



Fig. 106. The Colpitts Oscillator (Parallel-fed) 


is observed by a pea lamp connected to a small coil brought 
near to L. The grid condenser and resistance are the same 
as for the Hartley oscillator. It should be noted, however, 
that in the Colpitts circuit it is essential that the grid resistance 
be connected from grid to negative filament terminal, whereas 
in the Hartley circuit it might equally well be connected 
across the grid condenser. 

Having obtained oscillations with the circuit, the frequency 
calibration curve may be constructed, using an absorption or 
a heterodyne wavemeter with loose coupling to measure the 
frequency at various settings of C. Further observations may 
be made of the changes in anode current at the onset of 
oscillations and also of the effect of changing the grid resis- 
tance. 

Although not used perhaps as often as other types of 
oscillator, the Colpitts circuit illustrates how a divided capaci- 
tance will give the conditions for oscillation. This divided 
capacitance may arise, in the absence of external condensers, 
in the valve itself, the various portions being the capacitances 
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between anode and filament, between anode and grid, and 
between grid and filament. The inter-electrode capacitances 
limit the upper frequency which may be obtained with a valve 
oscillator circuit of the normal type. 

Experiment 83. The Tuned-anode — Tuned-grid Oscillator 

Two tuned circuits are used in this oscillator, one in the 
anode circuit and the other in the grid circuit of the valve. 
The coupling between them, necessary for the maintenance 



0-5 0-20 

Fio. 107 . Series-fed Tuned Anode-Tuned Grid Oscillator 

of oscillations, is obtained through the anode-grid capacitance 
of the valve, the coils being set therefore at some distance 
apart to reduce the mutual inductance between them. A 
series-fed oscillator of this type is shown in Fig. 107, the two 
tuned circuits being alike, each consisting of a coil of about 
50 turns and a variable air condenser up to 0*0003 F. The 
valve may be an Osram P.2 or similar type. The frequency of 
oscillation is that of the anode L 1 -C 1 circuit and the maximum 
oscillatory current in this circuit, as shown by the flash-lamp 
connected in the circuit, is obtained by adjustment of the 
condenser in the grid L 2 -C 2 circuit. In addition to the usual 
milliammeter (0-20 mA) for anode current, a second instru- 
ment (0-5 mA) is placed in the grid circuit to show the value 
of the grid current. Using first a grid resistance B g of 20,000 fi 
and setting C 1 at its mid-point, the grid condenser C 2 is 
adjusted to give the strongest oscillations as shown by the 
flash-laitfp. The changes which take place in anode current 
and in grid current as this adjustment is carried out should 
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be noted. Similar adjustments and observations may be made 
for different settings of C x and also for different values of grid 
resistance, say 100,000 il and 1 M Q. 

By coupling a heterod} T ne wavemeter to the anode coil 
and adjusting it to give a heterodyne note in its phones, any 
change in frequency which occurs on adjusting C 2 may be 
observed. If the frequency alters, the pitch of the heterodyne 
whistle will change. 

An attempt should also be made to investigate whether 
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Fig. 108. Various Wavs of Keying a Transmitter 

the circuit will oscillate on the self-capacity of the coils alone, 
by removing G\ and C 2 . 

A modification of the tuning arrangements may be made if 
two equal variometers are available. In this case each tuned 
circuit would consist of a variometer with a fixed condenser 
of 0*0002 juF across it and the tuning would be carried out 
by adjusting the variometers. 

Keying a Transmitter 

For the purposes of wireless telegraphy, a transmitter must 
be keyed so that the transmission is interrupted as desired 
to send out a Morse signal. Direct keying can be used only 
on the low potential side and the various ways in which this 
may be done are shown in Fig. 108. They should be tried in 
turn, using any one of the oscillators which have been described, 
first removing the meters from the circuit. In order to observe 
the effects of keying, a heterodyne wavemeter should be 
coupled to the oscillator and adjusted to give a heterodyne 
note, the wavemeter then acting as an autodyne receiver. 

At (a) in the diagram is shown one form of grid keying by 
which the grid resistance connexion is broken and the grid 
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assumes a larger negative potential, causing oscillation to 
cease. At (6) the key is in the negative H.T. lead, thus 
cutting off the H.T. supply when it is opened. The best 
method, however, is that shown at (c), where the key is 
placed between the negative H.T. terminal and the negative 
filament terminal (or cathode). In this cathode keying, the 
grid assumes the negative potential of the H.T. battery when 
the key is opened. 

The transient effects which arise when the key is opened or 
closed cause the frequency to change considerably during the 
short intervals of time concerned. This change in frequency 
will be obvious in the wavemeter phones. These transient 
effects limit the rate of signalling which is possible with the 
simple keying arrangements described. 

Experiment 84. The Master Oscillator-Power Amplifier System 

In a transmitter, the oscillator is not used to supply the 
power to the aerial. The function of the oscillator circuit 
(called the master oscillator) is to provide a constant radio 
frequency. Its output, which is relatively small, is fed to a 
power amplifier arranged to throw a very small load on the 
oscillator. This amplifier is adjusted to work under Class C 
conditions and is neutralized to prevent it from passing into 
oscillation. The use of a pentode instead of a triode makes 
neutralization unnecessary, but few transmitters are supplied 
with power amplifiers employing pentodes. 

The purpose of this experiment is to set up a master oscil- 
lator-power amplifier circuit and to adjust the power amplifier 
to the conditions mentioned above. Fig. 109 shows the 
circuit. On the left is a series-fed Hartley circuit which consti- 
tutes the master oscillator. Its output is fed through a 
0-001 juF condenser to the grid of the valve of the power 
amplifier shown on the right. The tuned-anode circuit of the 
amplifier is exactly similar to that of the oscillator, the induc- 
tance being centre- tapped. This enables a voltage to be fed 
back to the grid, through the neutralizing condenser C N , in 
anti-phase with the feed-back which occurs through the 
anode-grid capacitance. This is the Hazeltine method of 
neutralization, the capacitance 0 v being adjusted until the 
two anti-phased voltages are equal in magnitude. This con- 
denser should have a range of about 60 fifi F. Suitable coils 
for L x and L 2 are of 100 turns each, centre-tapped. C x and C 2 
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are variable air condensers up to 0 0003 /ti F. The two valves 
are of the type Osram M.H.4, which is an indirectly-heated 
valve taking 4 volts on the heater. In the grid circuit of 
the amplifying valve are a R.F. choke and a D.C. milli- 
apimeter (0-10 mA) to measure the grid current. Steady 
negative bias is applied to the grid which, for efficient operation 
of the amplifier, is to be driven positive for a portion of each 
cycle. The H.T. supply for each valve is 200 volts, and if this 


0*001 . 



Fig. 109. Master Oscillator — Power Amplifier System 


is taken from the D.C. mains, care must be taken to obtain 
the correct polarity and in handling the wires. 

Having obtained oscillations in the master oscillator circuit 
with C x at its mid-point, the grid bias of the amplifier is 
adjusted to Class C conditions. With the valve and H.T. 
voltage mentioned, anode cut-off occurs at V g — about 
— 8 volts. The grid bias is therefore set at — 16 volts and 
the grid current observed. If this is greater than 1mA the 
negative bias must be increased. The adjustments for reson- 
ance in the tuned circuit of the amplifier and for neutralization 
are then carried out by one of the following methods. With 
the amplifier H.T. supjrty switched off , a valve voltmeter or 
oscillograph is connected across L 2 , and resonance is obtained 
by adjusting C 2 with C N at its zero setting, the circuit being 
fed through the anode-grid capacitance of the valve. TheA 
C N is adjusted to reduce the voltage across the circuit at 
resonance to zero. In the second method, use is made of grid 
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current changes, also with H.T. supply disconnected. Reson- 
ance is obtained by adjusting C 2 with C N at zero, until a 
sudden change or kick in the reading of the grid-current meter 
is observed, the reading of C 2 being noted. Then C N is adjusted 
until no such kick occurs when C 2 is adjusted through reson- 
ance. This gives neutralization and C 2 is reset at its position 
for resonance. 

Experiment 85. Modulation 

Amplitude modulation consists in a variation, at audio- 
frequency, of the amplitude of the R.F. (or carrier) wave. 
In order to obtain this, the R.F. oscillatory current in the 
anode circuit of the power amplifier of a transmitter is caused 
to vary in amplitude and this may be accomplished in one of 
two ways, either by causing the anode potential to vary at 
audio-frequency or by causing the grid potential to vary at 
audio-frequency. In this experiment, simple circuits will be 
set up to show each method of modulation and their perform- 
ance will be examined by the cathode-ray oscillograph. The 
oscillation to be modulated is provided by a R.F. oscillator 
giving a steady output, such as an Avo-oscillator, and the 
modulating frequency is provided by a L.F. oscillator which 
can be set to give various frequencies at a voltage which can 
be adjusted. 

If A is the amplitude of the modulating wave while B is 
the amplitude of the carrier wave, the depth of modulation 
is measured by A/B, usually expressed as a percentage. If 
the modulated wave has a maximum amplitude L and a 
minimum amplitude S y then the depth of modulation is equal 
to (L — $ )/(L + S). The latter formula can be used when the 
modulated waveform is observed on an oscillograph with its 
time base set to show, say, two complete cycles of the audio- 
frequency of modulation. 

(a) Anode Modulation 

The circuit is shown in Fig. 110. The output of the R.F. 
oscillator is connected to a potential divider of 500 (or a 
volume control) from which a tapping is taken to the grid 
of the valve. An Osram P.2 valve is suitable. A negative 
grid bias of 6 to 9 volts is required with H.T. supply =120 
volts. The L.F. oscillator output is connected to a second 
potential divider from which a tapping is taken to the primary 
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of a 1 : 3 step-up L.F. transformer, the secondary of which 
is included in the anode circuit in series with the H.T. supply 
as shown. The anode circuit also contains a coil of about 
400 turns which is coupled magnetically to another coil of 
about the same number of turns to which the oscillograph is 
connected. A condenser of 0*001 juF by-passes the R.F. 
First, with L.F. oscillator switched off, the R.F. is set at 
about 200 kc/s and the input to the valve adjusted until the 
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Fig. 110. Anode Modulation Circuit 

waveform shown on the oscillograph is of reasonable ampli- 
tude, using a medium coupling between oscillograph and 
anode circuit. The time-base frequency is then reduced until 
the trace is merely a band across the screen. A modulating 
voltage is then applied from the L.F. oscillator at, say, 1000 c/s 
and gradually increased by adjustment of the potential 
divider, the oscillograph time- base being adjusted to show 
a few cycles of the modulating frequency. At some* stage, 
measurements of the maximum double amplitude and mini- 
mum double amplitude should be made and the percentage 
modulation calculated by the formula already given. If the 
modulation depth is increased, distortion will be observed, 
and, if it is possible to obtain a percentage modulation greater 
than 100, it will be seen that there is no R.F. oscillation during 
a portion of the modulating cycle. 

( b ) Grid Modulation 

The arrangement for grid modulation is shown in Fig. Ill, 
the modulating voltage being injected into the grid circuit. In 
Order to avoid an excessive grid swing of voltage, a step-down 
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transformer is used. Adjustments and observations are 
made in a manner similar to those for anode modulation. 
Although, in some respects, grid modulation is easier to 
arrange, as it does not involve such large L.F. voltages, it 


To C.R.O. 



generally gives greater distortion. This point should be 
investigated and the results compared with those .already 
obtained. 


(c) Trapezium Method of Investigating Distortion 

If a voltage from the modulating source is applied to the 
X plates of an oscillograph, while the modulated oscillation 
is applied to the Y plates, the trace on the screen has the 
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Fig. 112. Trapezium Method of showing Distortion in 
Modulation 

outline of a trapezium as shown in Fig. 112 (a), which shows 
the shape to be expected if there is no distortion. 

In order to obtain the trapezium, the time base of the 
oscillograph is switched off and leads are taken from the L.F. 
potential divider to the X and E terminals of the oscillograph. 
The modulated oscillation is applied to the Y plates by the 
mutual coupling shown in Fig. 110. The various shapes o£ 
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trapezium corresponding to various types of distortion are 
shown in Fig. 112. 

Amplitude distortion gives curved upper and lower sides 
as at (6) or (e). Phase distortion produces double sides as in 
(d). If the modulation is increased to 100 per cent the trape- 
zium becomes a triangle. On increasing the modulation depth 
still more, the triangle shortens and a line extends from its 
apex, as at ( e ), showing at once the existence of over-modula- 
tion. The trapezium method also allows Jhe percentage 
modulation to be determined easily. , Measuring the lengths 
of the two vertical edges L x and L 2 , the percentage modulation 

is f 1 ~ > 2 X 100. 

+ L 2 

Experiment 86. The Quartz Crystal Oscillator 

The piezo-electric properties of quartz make it possible to 
use a crystal of this substance, when properly cut, as a standard 
qf frequency and for fixing the frequency of a transmitter. 
The crystal stands between two parallel metal electrodes, with 
a very 'small air gap between the top electrode and the upper 
surface of the crystal plate. When a R.F. voltage is applied 
to the electrodes at a frequency equal to one of the frequencies 
of mechanical vibration of the crystal, the latter is thrown 
into resonant oscillation, the frequency of which is practically 
independent of temperature. An alternating p.d. is set up 
across the faces of the crystal when in vibration and this p.d., 
if applied between grid and cathode or between anode and 
grid of a valve oscillator, keeps the frequency of the oscillator 
constant and independent of variations which may take place 
in the valve or in the tuned circuit. The crystal has a very 
small damping coefficient, so that it is equivalent to a circuit 
of very high Q value. 

A simple circuit, in which the quartz crystal is placed 
between anode and grid, is shown in Fig. 113, the valve being 
an Osram M.H.4 (indirectly- heated with 4 volts on the heater). 
Between grid and cathode is a resistance which should be 
1~2 M fi. The anode circuit contains a tuned Ij-C circuit 
whose frequency range includes that of the crystal. For a 
crystal giving 100 kc/s, suitable values are, for L, a 50-turns 
coil and for C a variable air condenser up to 0-0005 juF. 
Coupled to L is a coil of 300 to 400 turns to which an oscillo- 
graph is connected. The feed-back to the crystal is obtained 
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in this circuit through the grid- cathode capacitance of the 
valve. In order to set the crystal into vibration, the condenser 
C is slowly varied and the anode current is observed. When 
oscillation occurs, there will be a sudden drop in this current 
and the waveform of the oscillations may be seen on the 
oscillograph when its time-base frequency has been properly 
adjusted. It may be necessary to use one of the amplifiers 
of the oscillograph. A quartz crystal sometimes needs coaxing 



Fig. 113 . Quartz Crystal. Oscillator 


into oscillation ; this may be done by a gentle tap on the top 
of its case. 

Having obtained oscillations, the way in which the output 
of the circuit varies with the setting of C should be investi- 
gated. Altering C in the neighbourhood of the resonance 
position, it will be found that as C is reduced, the output 
(measured by the double amplitude of the oscillograph trace) 
falls very sharply, but if C is increased, the fall from the 
maximum value is much less rapid. Setting C at a number of 
different values, the double amplitude (which is easier to 
measure than the actual amplitude) is observed on the oscillo- 
graph, keeping the amplifier control at a fixed position, this 
having been adjusted first to give a sufficiently large amplitude 
at resonance. A curve may then be plotted showing the 
relation between R.F. output and the condenser reading. 
In a transmitter the tufted circuit would be set so that the 
R.F. output is that corresponding to a point on this curve 
just below the maximum on the side of smaller slope, thua 
avoiding the instability associated with the sudden drop in 
output on the other side of the maximum. 
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A second way of connecting the crystal is to place it in 
parallel with the grid-cathode resistance. The oscillator then 
acts as a tuned anode-tuned grid oscillator in which the grid 
circuit controls the frequency. If the output curve, similar 
to the above, is plotted for this arrangement, it will be found 
to fall very steeply when C is increased beyond the value for 
maximum output, and to have its smaller slope on the side 
of lower condenser reading. In a transmitter using this type 
of circuit for frequency control, the tuning capacitance would 
thus be set, for stability, at a value a little below that giving 
maximum output. 



CHAPTER XI 

POWER SUPPLIES 

The experiments in this chapter are concerned with the 
provision, from the A.C. mains supply, of direct voltages 
(and power) suitable for the H.T. supply to a receiver or 
transmitter, or for other purposes. 

Experiment 87. Half-wave and Full-wave Rectification using 
Metal Rectifiers 

In half-wave rectification the rectifying element allows 
current to pass only on the positive half-cycles of the A.C. 



Fio. 114. Circuit for Half-wave and Full- wave 
Rectification using Metal Rectifiers 


supply. In full -wave rectification, two rectifying elements are 
arranged so that current passes during each half of the cycle. 
The change from half-wave to full-wave rectification is made 
by closing the switch k in Eig. 114, which shows the circuit 
to be used when two metal rectifiers connected back to back 
are available. These rectifiers may be single elements or they 
may consist of a unit with a centre terminal. In either case, 
the current must not exceed the rated value, which corresponds 
to a voltage of about 1 volt per element. If a resistance of 
10 Q. is included in series with an element, a voltage of about 
4 volts may be applied to the combination. The experiment 
will be described for single elements, but it may be made 
with larger units if proportional increases in all values (except 
current) are used. 

The A.C. mains transformer has a centre- tapped secondary 
giving 4-0-4 volts, the centre tapping being connected 
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through a 2 amp. fuse, a rheostat of 10 Q, and an ammeter 
(0-1 amp.) to the mid-point of the two rectifiers. Across the 
rheostat are connected a voltmeter (0-10 volts) and an 
oscillograph, the latter being used (on the amplifier terminals) 
to observe the current waveform. Using half-wave rectification 
first (i.e. & open), the current is adjusted to 0-3 amp.; and the 
oscillograph adjusted to show several pulses of current. These 
pulses are nearly, but not quite, the shape of half a sine wave. 
A drawing of the waveform should be made. The voltage 
across the rheostat is recorded and the power dissipated in 
the resistance is calculated in watts. The rheostat is then 
adjusted to give 0*4 and 0*5 amp. and the voltage measured 
and the power calculated at each of these values. It should 
be noted that the resistance concerned is different in each 
case. 

Secondly, by closing k, full-wave rectification is used. The 
two rectifiers are then in operation alternately. Observations 
and measurements should be made as before and the results 
compared. A circuit of the type used here could be used 
for charging an accumulator, the cell being placed in series 
with the rheostat with due regard to polarity. 

Experiment 88. Half-wave Rectification using a Diode 

The purpose of this experiment is to set up a diode for use 
as a half-wave rectifier and to examine the voltage output 
and current under various types of load. An Osram U.14 
valve, which is a double diode requiring a filament current 
of 2*5 amperes at 4 volts, is used for the experiment, one 
anode only being employed for half-wave rectification. A 
mains transformer with a 150- volt or 200-volt secondary wind- 
ing provides the anode voltage, while the filament current is 
provided either from large accumulators or from a 4- volt 
secondary winding on the transformer. 

The load consists of a condenser C (4 ^F) and a resistance 
R which may be used separately or in parallel, as shown in 
Fig. 115. Across the load is an electrostatic voltmeter (0-300 
, volts) and an oscillograph for investigating the output voltage 
waveform. The resistance R must be capable of dissipating 
up to about six watts and may be constructed of two or three 
units of 10,000 Q each in parallel, the units consisting of two 
5000 P 2 W resistors in series. In the anode circuit, the 
current is measured by a milliammeter (0-100 mA) and passes 
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through a resistance R 1 oi 100 Q across which the second pair 
of oscillograph plates is connected to show the current wave- 
form, using one of the oscillograph amplifiers if necessary. 

Having set up the circuit, an experiment should be made 
first with the capacitance load only. On switching on, a 
pulse of current, which will be noticed on the milliammeter, 
will flow to charge C to the peak voltage. No further current 
will flow. The voltage across ( 7 , measured by the voltmeter, 
will be found to be equal to the peak secondary voltage. 



Fig. 115. Half-wave Rectification by a Diode 


Secondly, a resistance load only should be used, R being set 
at 5000 and 10,000 Q in turn. At each value, the current and 
voltage are measured and the current and voltage waveforms 
are observed. The voltage waveform will be seen to be of 
the same shape as the current waveform. Thirdly, a load 
consisting of a capacitance and a resistance in parallel should 
be used, the value of R Being 5000, 10,000, and 50,000 Q in 
turn. Commencing with R = 5000 Q, the current and output 
voltage are measured and their waveforms examined. The 
voltage waveform will be found to be much more smooth, 
but will show a pronounced ripple. By bringing the two 
oscillograph traces together it will be seen that during each 
current pulse the condenser charges up and then leaks through 
R in the interval between pulses until charged again by the 
next pulse. The output voltage should be compared with the 
peak value previously measured. Proceeding to similar obser- 
vations with the larger values of R mentioned, it will be seen 
that the ripple becomes less pronounced and the output 
voltage is somewhat greater as R is increased. Diagrams of the 
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current and voltage waveforms should be drawn. The ripple 
will be seen to have the same frequency as the supply. 

Experiment 89. Full-wave Rectification using a Diode 

Full-wave rectification is more commonly used in power 
packs to supply the H.T. for a receiver, because it enables 
both half-cycles of the A.C. supply to be used. In addition 
to the double diode (U.14), a mains transformer is required 
with a centre-tapped secondary giving 200-0-200 volts, and 
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Fio. 116 . Full-wave Rectification using a Double Diode 


also, preferably, a centre tapped secondary giving 2-0-2 volts 
for the filament. If the latter is not available, a simple 4-volt 
secondary may be used, or even accumulators, but in this 
case the adjacent peaks of rectified current will not be quite 
equal. The circuit is shown in Fig. 116, with a resistance load 
R and, if desired, condenser smoothing by means of an 
electrolytic condenser C of 8 juF. An electrolytic condenser 
may be used since the output is not alternating, but only 
fluctuating; care must be taken, however, to see that its 
connexions are made with the proper polarity. 

As in the experiment on half-wave rectification, an electro- 
static voltmeter (0-300 volts) is used to record the output 
voltage across R and an oscillograph is connected with one 
set of plates across R and the other set across R v the latter 
giving the current waveform. R may consist of a number of 
10,000 fl resistors from which loads of 20,000 Q, 10,000 Q, 
and then, by parallel connection, 5000 Q and 3330 Q may be 
obtained. 
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First, using R = 10,000 £2, the current and voltage wave- 
forms are observed, superposing the two traces for comparison. 
This is done without C and then with C connected and dia- 
grams of the waveforms are drawn for each case. It will be 
noticed that the frequency of the ripple is twice that of the 
supply. Secondly, the relation between voltage and current 
for various values of the load is investigated both with and 
without the smoothing condenser. R is set at the values 
mentioned above, care being taken to switch off before chang- 
ing R, and the output volfage is measured for each. From the 
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Fiu. 117 . (a) Input Condenser Filter; (b) Choke Input 
Filter 


readings a curve is plotted to show the relation between 
output voltage and current. The maximum current rating 
of the valve is 120 mA, which must not be exceeded in these 
measurements. A similar set of readings is then obtained 
with the smoothing condenser included. 

If an electrostatic voltmeter is not available, a Taylor- 
nueter on the 250-volt D.C. range may be used. Its resistance 
will be at least 250,000 Q, so that the current taken by it will 
not exceed 1 mA, which may be neglected. 

Experiment 90. Smoothing Circuits 

In the two previous experiments the smoothing effect of 
a condenser alone has been investigated. If the output of a 
half-wave or a full-wave rectifying unit is to be suitable for 
a H.T. supply, it must be well smoothed. The two principal 
types of smoothing circuit (or filter) are shown in Fig. 117. 
In the input condenser filter at (a), the^ rectified input is 
connected to the condenser C lt which acts as a reservoir 
condenser, discharging into the load through a L.F. choke L . 
In the choke input filter at (6), the input feeds the load 
through the L.F. choke L. In both filters, the condenser C 2 
acts as a by-pass to any ripple which may pass the choke. 

7—{T.275) 
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The circuit is similar to that used in the previoug experi- 
ment, with the addition of the smoothing components, which 
are arranged with switches as shown in Fig. 118, so that the 
various components may be introduced as desired to show, 
their action in the filters mentioned. As before, an oscillograph 
is connected across the load and also across R 1 so that both 
output voltage and current waveforms may be observed. 
To change from full-wave to half-wave rectification, a key, 
placed in one anode lead,, is opened., R should be about 



10,000 C 1 a 2 juF or 4 juF condenser, C 2 a 8 /xF electrolytic 
condenser and L an iron- cored choke of inductance 40 to 
60 H. 

In the observations, which should be made in the order 
which follows, the two oscillograph traces (of current and 
output voltage waveforms) should be brought near together, 
if not actually superimposed » so that the relation between 
them may be seen. Also, careful diagrams of the traces should 
be made for each case. 

(a) With choke short-circuited and condenser switches 
open, the waveforms of current and of voltage across R 
are observed, for both the half-wave and full-wave cases. 

(b) The reservoir condenser C x is introduced and its effect 
on the waveforms observed in both cases. 

(c) The choke L is then added to the circuit and the 
observations repeated. 

{d) Finally the condenser C 2 is introduced and the obser- 
vations made with the input condenser filter which has thus 
been built up. 
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The D.C. output voltage may also be measured by an 
electrostatic voltmeter across R, the increase in its value 
as the smoothing is increased being noted. 

(e) Proceeding in the same manner, the choke input filter, 
shown in Fig. 117 (6), is built up, first noting the effect of 
the choke alone, and secondly, the effect of adding C 2 . 

This should be done for both half-wave and full- wave 
rectification as before, noting particularly the difference 
between the shapes of the ripple when the smoothing is 
only partial, i.e. with Ci alone and with L alone. 

Experiment 91. The Mercury-vapour Rectifier 

The mercury -vapour diode was the subject of Experiment 
55, in which its characteristic was investigated. Its advantage 
over the ordinary diode is that it is able to pass much greater 
currents with only a small voltage drop across it and is there- 
fore used where greater power is to be handled. 

In addition to the usual precautions necessary when using 
such a valve, viz. the anode voltage V a must not exceed 
20 volts, and the filament heating must be switched on half a 
minute before the H.T., it is desirable^ when rectifying A.C., 
to prevent the rise and fall of V a which would occur as the 
applied voltage rises from 0 to the A.C. peak and falls again. 
This is accomplished by inserting a L.F. choke of about 1 H 
which must be capable of carrying the maximum rated current 
of the valve. In the case of the GU50 valve, used in this 
experiment, the rated maximum is 250 mA. Its filament is 
supplied by a 4-volt cell. 

The purpose of the experiment is to show the relation 
between the D.C. output voltage across an anode load, and 
the A.C. input voltage for various constant currents through 
the valve. Fig. 119 shows the circuit which is used. The input 
voltage V x is obtained from a ‘‘Variac” transformer on the 
A.C. mains and is measured by an A.C. voltmeter (0-250 
volts). The anode load, in addition to the choke, consists 
of two 1000X2 rheostats R , in series, with a Taylormeter 
(0-250 volts D.C. range) connected across, them to measure 
the rectified voltage F 2 . An 8 pF electrolytic condenser, 
connected with proper polarity, provides considerable smooth- 
ing. The anode current is recorded by a" milliammeter 
(0-150 mA). 
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The filament heating is switched on and, after half a minute, 
with R at its maximum value, the A.C. voltage is applied 
and increased to 150 volts. R is then adjusted to give a mean 
anode current of 60 mA and F 2 , the voltage across R , is read. 
The A.C. voltage is then adjusted to a lower value, say 120 
volts, and R is readjusted to keep the current at 60 mA, 
when F 2 is again read. Proceeding in this way by steps of 
20 to 30 A.C. volts, and at each stage adjusting R to keep the 
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Fig. 119 . Merc cry -vapour Rectifier 


current constant, a series of corresponding readings of l\ and 
V 2 is obtained. 

A second set of readings for a current of 90 mA should 
then be obtained in the same way. 

For each of these cases, a graph is plotted showing the 
relation between V x and F 2 . The points will be found to lie 
on practically a straight line for each current. 

A test should be made of the smoothing effect of the con- 
denser, by disconnecting it and measuring F 2 at one of the 
values of V 1 and current used in the measurements above. 
It will be found to be much less than when the condenser was 
included, and it is also much less steady. 


CHAPTER XII 

ADDITIONAL EXPERIMENTS AND NOTES 

Experiment 92. A Three-valve Straight Receiver 

The principles of R.F. amplification, detection, and L.F. 
amplification which have been dealt with in previous experi- 
ments are applied here to construct a complete battery- 
operated simple receiver. The circuit diagram (Fig. 120) 
shows the values of all the components, many of which may 



be fixed to a board which also carries the valve sockets. It 
will be seen that the receiver comprises one stage of R.F. 
amplification using a S.G. tetrode and a grid detector coupled 
by resistance-capacity coupling to a beam tetrode operating 
as an output pentode and supplying a loud-speaker through 
a matching transformer. The valves are, in turn, S.23, H.L.2, 
and K.T.2 (Osram), all of which take 2 volts on the filament. 

The R.F. amplifying stage is of the normal tuned-anode 
type, with the screen voltage obtained by dropping the H.T. 
voltage of 120 volts through a 60,000 & resistance. The 
output valve is a kinkless tetrode, which has pentode charac- 
teristics. Its anode load for maximum output is 12,000 Q, 
which will be secured if the output transformer has a step- 
down ratio of 40 : 1, and the loud-speaker has a resistance 
of about 8 Q. 

In fitting up the receiver, consideration should be given 
to the lay-out of*the components if confusion is to be avoided 
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and good results obtained. The two tuned circuits should be 
arranged so that the coils are reasonably distant from each 
other with their axes at right angles. The small fixed con- 
densers should be placed near to anode and grid terminals 
to which they a^e to be connected so that the connexions are 
short. 

When the circuit has been completed, the receiver should 
be tuned to a broadcast transmission, setting the tuned-anode 
condenser at its mid-point, tuning the aerial circuit and then 
tuning the anode circuit for maximum reception. The aerial 
tuning dial may be calibrated by tuning in this way to various 
broadcasting stations whose frequency is known, or by using 
a modulated R.F. oscillator coupled to the aerial tuning coil. 

Experiment 93. Direction- and Sense-finding by Loop Aerial 

For this experiment, which has for its purpose the investi- 
gation of the direction-finding and sense-finding properties 
of a loop aerial, the loop should consist of some 15 to 20 turns 
of fairly stout copper wire (say No. 16) fixed to a frame to 
form a circle or a hexagon of about 2 feet in diameter, set 
vertically and arranged to rotate about a vertical axis. It 
carries either a pointer moving over a fixed degree scale 
(0°-360°) or a degree scale movirtg past a fixed pointer. 

The loop is connected to a fixed coil of about 100 turns 
inductively coupled to the aerial tuning coil of the three- valve 
receiver of Experiment 92, or any receiver employing R.F. 
amplification, by being wound on this coil, the centre point 
of the loop coil being earthed. In this way, the E.M.F. induced 
in the loop by the electromagnetic wave may be received 
separately or may be combined with that from a straight 
aerial. Coupled to the anode tuning coil of the R.F. amplifying 
valve is a small coil of about 5 turns to which a cathode-ray 
oscillograph or valve voltmeter is connected. This enables 
the amplified signal voltage to be observed. The number of 
turns in this coil must be chosen so that the damping of the 
tuned circuit is not seriously affected. The modifications in 
the R.F. side of the receiver are shown in Fig. 121. 

(a) Measurements with Loop Aerial Only 

The receiver is set up with the loop aerial, but without 
earth connexion, and is tuned to receive a broadcast trans- 
mission. On rotating the loop, the change of* intensity showing 



ADDITIONAL EXPERIMENTS AND NOTES 189 

two maxima and two minima in a complete rotation is ob- 
served. A cathode-ray oscillograph is connected to the small 
coil coupled with the anode tuning circuit and, using the 
amplifiers on the 2 H.F. Y x position, the carrier waveform is 
observed. Setting the loop at definite positions .equally 
spaced at about 10° apart in a complete rotation, the double 
amplitude of the trace on the oscillograph screen is measured 



Fig. 121 . Arrangements for Loop Aeriae 


at each point. Modulation may cause some disturbance, but 
a reasonable measurement can usually be made. On plotting 
a graph showing the relation between amplitude and scale 
reading in degrees, it will be noticed that the minima are 
sharper than the maxima, which are relatively flat.* Using 
phones or a loud-speaker and setting the loop carefully for 
a minimum, the position of the line along which the transmitter 
is situated is determined ; it will be along the axis of the loop. 
If a* compass heedle is used in conjunction with the loop, this 
direction can be specified, but the sense of the transmitter 
cannot be found. 

(6) Sense-finding 

To obtain the sense of a transmitter, the loop is combined 
with a vertical aerial. Such an aerial, about 6 to 8 feet long, 
is connected to the aerial tuning circuit in the usual way, and 
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the earth connexion completed. On rotating the loop, it will 
be found that maximum reception occurs at one position and 
minimum reception in the opposite orientation (i.e. when 
turned through 180°). Thus the combination of loop aerial 
and vertical aerial is unsymmetrical and may be used for 
finding the sense of the transmitter. In order to find which 
edge of the loop points towards the transmitter when the 
reception is a maximum, an oscillator giving a signal moda- 
lated at 400 c/s is connected to a vertical aerial at some 
distance in the laboratory and the set' adjusted to receive 
the signal. On rotating the loop, the position required is 
easily found and may be marked with an arrow on the top 
of the loop. 

In order to find both sense and bearing of a transmitter, 
the sense is found as in (b) and then, disconnecting the vertical 
aerial, the bearing is determined accurately by setting on the 
minimum as in (a). 

Experiment 94. The Dynatron Oscillator 

When a valve is used on a part of its I n -V a characteristic 
which has a negative slope, i.e. where it has a negative resis- 
tance, it is termed a dynatron. In this region an increase in 
voltage, say AF a , is accompanied by a decrease in current, 
say, A I a , and if the voltage is varying, the current is in anti- 
phase with it. The negative resistance implies that the system 
is a source of power (a positive resistance being one which 
absorbs power) and if the power from this source is delivered 
to a L-C circuit, the phase relation mentioned above being 
that required for the maintenance of oscillations, then oscilla- 
tions will occur at the natural frequency of the circuit and 
they will build up until energy is dissipated at the same rate 
as that at which it is being supplied. 

A S.G. tetrode (such as Osram S.23) provides a negative 
resistance when, for suitable values of control grid voltage 
V g and screen voltage V 8 , the I a -V a characteristic has a 
negative slope between certain values of V a . In order to 
operate a dynatron oscillator, F, is maintained at a higher 
value than F a , while V g is generally the normal grid bias 
between — 3 and — 6 volts. 

The circuit is shown in Fig. 122 and it may be used, accord- 
ing to the constants of the tuned circuit, for producing audio- 
frequency or radio-frequency oscillations. 
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For L.F. oscillations, L should be an air- cored inductance 
of about 0-2 H and C a variable 0-1 fi¥ condenser. Head- 
phones may be coupled to L by a coil of 200 turns. Suitable 
initial values of the voltages are : V g — — 4-5, V a — 48, 
and V s =150 volts. Before switching on, care should be taken 
to see that the milliammeter is set on a high range because the 
anode current may become negative, although this should be 
avoided by adjustment of V c or V s . The waveform of the 



oscillations is observed by a eathode-ray oscillograph con- 
nected across the oscillatory circuit. 

Having obtained oscillations, their waveform is observed 
and it will be noted that it is a good sine curve, showing no 
perceptible harmonics. Then, keeping V if and V a fixed, the 
effect of increasing V s up to 200 volts is observed. The greater 
supply of energy results in an increased amplitude, but with 
no change in frequency. * 

Then, returning V s to a lower value, say 150 volts, the 
effects of changing V a to values within the range 30 to 60 trolts 
should be observed. In doing this, the anode current should 
be carefully watched, as well as any changes in waveform. 

If it is desired to set the oscillator at a standard frequency, 
the conditions for best oscillation are restored and the fre- 
quency set (by adjustment of C) by reference to a standard 
tuning fork as for the audio -frequency oscillator of Experi- 
ment 65. 

Also, the oscillations of the coil on its own self-capacity 
may be observed if C is disconnected. 

For R.F. oscillations, a coil of 50 or 100 turns and a variable 
air condenser up to 500 /u/iF may be used. The waveform will 
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be observed on the oscillograph. It will be found that the 
value of V g is more critical than in the former case. Observa- 
tions on the effects of changing the grid, screen, and anode 
voltages may be made as before. 

Modulation may be effected in the R.F. oscillations of a 
dynatron by applying the modulating voltage in series with 
either the screen voltage or the grid voltage. The method 
follows that for grid modulation as in Experiment 85. It 
will be found that in screen modulation the tendency to 
distortion is less. 
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Nickel-iron Alkaline Accumulators 

These accumulators have positive plates of nickel oxide 
and negative plates of iron in a solution of caustic potash of 
specific gravity IT 70. The plates are constructed in a special 
way with the substances mentioned above enclosed in per- 
forated nickel-plated compartments, the outer casing of the 
cell being of metal, also nickel plated. As compared with the 
lead-acid cell, these cells have the advantages of a very 
robust mechanical construction and, what is more important, 
the ability to withstand excessive rates of discharge without 
damage. They may also be left in a discharged condition for 
long periods without deterioration and have a reasonably low 
internal resistance, this being about five times that of the 
ordinary lead-acid cell. On the other hand, thq^E.M.F. of a 
single cell is only about 1-4 volts and the capacity of these 
cells is found to be considerably reduced if the temperature 
is low. 

The following information will be found useful if alkaline 
cells of this type have to be charged and used. Such cells 
are generally rated at the 8 -hour rate and should not be 
discharged below 1-10 volts on load. The specific gravity of 
the alkaline solution does not change with the state of dis- 
charge as does the acid in a lead cell. Charging is continued 
until the individual cells show 1*75 volts on charge. Gassing 
occurs throughout the whole charging period, so that the 
voltmeter test is the only one which can be employed. After 
removal from the charging bench, a cell generally shows about 
1*6 volts. 

In a smaller form, these cells are also used for H.T. supply, 
a number of them being packed into a box container to form 
a Milnes H.T. unit giving 120 volts with tappings. The 
advantage of this type of cell over the small dry cell of the 
ordinary H.T. battery will be obvious from what has been said 
above. For charging such a unit, the cells are connected in 
parallel in groups of four, by rtieans of a special switch on the 
case, and the charging may then be done at a slow rate by 
connecting to a 6-volt lead accumulator. 
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Litz Wire 

When an alternating current of high-frequency is passed 
through a wire, an effect called the skin effect is found to 
occur. The current tends to confine itself to the outer portions 
of the cross-section of the wire, which therefore offers a much 
higher resistance to the current. In transmitter tuning coils, 
this tendency is reduced by using copper tubes instead of 
solid wires for the coils. Litz wire is a flexible wire devised 
for the purpose of reducing the skin effect. It consists of a 
large number of fine enamelled wires plaited in such a way 
that the outer surface of the conductor is composed of equal 
amounts of each wire. In this way, the distribution' of high- 
frequency current over the cross-section i$ much more uniform. 

If a coil is wound of Litz wire, it will have a high-frequencv 
resistance not much greater than its D.C. value and hence 
the Q of such a coil will be very large. The measurement of 
Q could be carried out as in Experiment 69. 
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